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Abstract 

The study on flexible, ultrathin and safe energy storage devices such as 

supercapacitors or batteries is an emerging area to “power-up” the next-

generation of portable and flexible electronics such as mobile phones, computers, 

displays, wearable and implantable biomedical devices. In general, a supercapacitor 

is composed of two electrodes, electrolyte, separator and current collectors and it 

can store and deliver charge at relatively high rates. The challenge to design such 

supercapacitors to be flexible lies in the development of flexible electrodes and 

leak-proof electrolytes, as well as, the retention of the electrochemical 

characteristics of high power density, long cycle life and high efficiency under 

considerable physical deformation. 

An innovative one-pot synthesis to fabricate electronically conducting 

polymer-biopolymer composites films such as polypyrrole-cellulose composites 

that are intrinsically conducting and flexible is presented. The method consisted of 

an in situ polymerisation of pyrrole in a solution of cellulose in the ionic liquid, 1-

butyl-3-methylimidazolium chloride. The resulting polypyrrole-cellulose composite 

film was chemically blended, and it showed flexible polymer properties while 

retaining the electronic properties of the polypyrrole. Addition of a hydrophobic 

ionic liquid, trihexyl(tetradecyl)phosphonium bis{(trifluoromethyl) sulfonyl}amide 

and graphite powder enhanced the flexibility and conductivity of the composite 

films, respectively.  

The composites films obtained were applied as electrodes in flexible 

supercapacitors using a simple scalable method to design flexible, ultrathin and 

safe supercapacitors. Three devices were fabricated, (i) electrical double-layer 

supercapacitors, (ii) electrochemical supercapacitors and (iii) hybrid 

supercapacitors. The multifunctional rôle of ionic liquids as solvent, electrolyte and 

plasticiser was exploited to fabricate these novel flexible supercapacitors which 

showed an excellent cycle life of 15000 cycles with nearly 100 % of capacitance 

retention, an operational voltage between 1.6 V and 3.2 V and a maximum energy 

and power density of 0.008 µW h cm-2 and 1.78 µW cm-2, respectively. Moreover, 

the design nature of these electrodes, chemical stability and feasibility to use 
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biocompatible components will enable the fabrication of task-specific flexible 

supercapacitors with durable cycle life and chemical stability. 
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1.1. Energy Storage Devices 

During the past decades, the massive demand for electrical energy to power up 

portable electronic devices such as smartphones, laptops or tablets, as well as, the 

emerging fabrication of electric or hybrid vehicles has increased leading to the need 

for new energy storage technologies [1]. Although the energy consumption from 

these devices seems individually rather small, the overall energy required for electric 

and electronic devices is huge, just as an example, there are more than three billion 

people in the world that own a mobile phone [2].  

For this reason, energy storage devices (ESDs) are starting to play an important 

rôle [3]. ESDs are systems able to store electric charge and release it when requires [4]. 

The most common energy storage devices are fuel cells [5], batteries [6], dielectric 

capacitors [7] and supercapacitors (SCs) [8].  

Supercapacitors are considered promising candidates for energy storage 

applications. They are power devices able to store and deliver charge at relatively high 

rates, in other words, can be fully charged and discharged within seconds. Similar to 

other energy devices, SCs are composed of two electrodes (anode and cathode), an 

electrolyte, a separator (to electrically isolate the two electrodes), and two current 

collectors, as shown in Figure 1.1 (a). 

 
Figure 1.1 Fundamental structure model of a) supercapacitor, b) conventional capacitor and 

c) Li-ion battery 

 

SCs have attracted great research and industrial curiosity due to their 

characteristics such as high specific power (10-55 kW kg-1), great rate efficiency (0.85-

0.98), fast charge-discharge time (seconds), long cycle life (106 cycles) with excellent 
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stability and low maintenance cost. Commonly, SCs show around 20-200 times more 

capacitance per unit mass than conventional capacitors [3,9]. The properties of 

supercapacitors can be better explained by comparing them to conventional 

capacitors and batteries that are widely used in electronic devices. 

Conventional capacitors are composed of two conductive plates with different 

electrical potential (positive and negative) separated by a non-conducting dielectric 

layer with a very high dielectric constant and low leakage current characteristics as it 

can be seen in Figure 1.1 (b) [10]. Commonly, the dielectric materials are oxide layers 

such as SiO2, paper, mica or ceramic. In capacitors, the charge storage mechanism 

relies on this dielectric material that is able to accumulate electric charge at the 

interface between the electrode plate and itself, due to the dipoles polarisation [11]. 

In contrast to conventional capacitors, batteries use the conversion of chemical 

energy into electrical energy via reversible Faradaic reactions at both electrodes e.g., 

lithium ion intercalation into graphite [5]. Figure 1.1 (c) shows the structure of a Li-ion 

battery where insertion reactions take place to store the charge [12]. Li-ion batteries 

are energy storage devices with a high specific energy (120-200 Wh kg-1) but low 

specific power (0.4-3 kW kg-1) and low cycle life (~1000 cycles) [13]. 

The comparison amongst conventional capacitors, supercapacitors and 

batteries are often represented using the Ragone plot (Figure 1.2) to show how quickly 

the charge can be stored or delivered and the amount of charge that can be stored in 

the devices. A Ragone plot is a graph that relates the energy and power of different 

devices which allows comparing the performance of the devices under study [14]. For 

example, if a supercapacitor is used in an electric elevator, the specific power will 

define how fast the elevator can travel, and the specific energy will determine how 

many lifts can be carried out on a single charge. Time shown in the graph is the time 

constants of the devices, obtained by dividing the specific energy by the power. Figure 

1.2 shows the main difference between energy storage devices in terms of specific 

power and energy. In the case of dielectric capacitors, they have a very high specific 

power and an almost null specific energy, however, batteries are the opposite; they 

have a large specific energy and a small specific power. Supercapacitors are 

considered devices able to fill the gap between conventional capacitors and batteries 
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due to their ability to obtain higher specific power than batteries and much higher 

specific energy than capacitors. 

 
Figure 1.2 Ragone plot showing, specific power vs. specific energy for various electrical 

energy storage devices. Figure adapted from reference [3] 

 

1.2.  Background - Supercapacitors 

In 1853, Hermann von Helmholtz described for the first time the concept of 

“double-layer capacitance” which corresponds to the charge accumulation between 

the electrode-electrolyte interface (see Figure 1.4 in section 1.4) [15]. However, in that 

period, there was not an application for this discovery [16]. It was not until 1957 when 

Becker patented the first electric double-layer capacitor (EDLC), using carbon 

electrodes and an aqueous electrolyte [17]. The Sohio Corporation (Cleveland), in 

1962, granted a patent of an EDLC using carbon electrodes and a nonaqueous solvent 

containing a tetraalkylammonium salt electrolyte. In 1971, the Nippon Electric 

Company (NEC) introduced the first electrochemical capacitor (EC) product in the 

market under the name of “Supercapacitor” as a memory backup device in computers 

[18]. Between 1975 and 1983 Conway et al. carried out extensive work on ruthenium 

oxide-based electrochemical capacitors, bringing a new concept called 

“pseudocapacitance” that involves fast and reversible Faradaic processes (redox 

reactions) on the surface of the electrodes (see section 1.4.2) [19]. 
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By the 1980s, several companies produced double-layer capacitors such as the 

“Goldcaps” brand developed by Panasonic or the first supercapacitor under the name 

of “PRI Ultracapacitor” by Pinnacle Research Institute (PRI) [20]. In 1992, Maxwell 

Laboratories (currently Maxwell Technologies) took over PRI development and 

changed the name to “Boost Caps”. Nowadays, universities, research centres and 

companies are working to improve the characteristics of supercapacitors such as 

specific energy, specific power and cycle life.  

1.3. Supercapacitors Classification 

Supercapacitors can be categorised depending on (i) the charge storage 

mechanisms or (ii) the active material used as electrodes. Both classifications can be 

merged into one because they are interrelated, i.e. depending on the electrode 

material chosen the energy storage mechanism can be different.  

Therefore, SCs can be further classified into three categories depending on the 

charge storage and release mechanism, viz. (i) electrical double-layer supercapacitor 

(EDLS), (ii) pseudocapacitor or electrochemical supercapacitor (ES) and (iii) hybrid 

supercapacitor (HS) [21]. Each category can be subdivided into the active materials 

used as it can be seen in Figure 1.3. 

 
Figure 1.3 Scheme representing the classification of supercapacitors depending on the 

storage mechanisms and the electrode active materials 

 

EDLS stores the electrical charge electrostatically by a reversible adsorption of 

ions at the electrode-electrolyte interface using carbon-based electrodes. ES based 

on electronically conducting polymers or transition metal oxides can store the charge 

on the electrode surface via fast and reversible Faradaic reactions. In the case of the 
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hybrid supercapacitors, both EDLS and ES mechanisms work together in a single 

device; i.e. the charge is stored electrostatically and electrochemically [22a,19c,22b-

22d,9].  

Apart from the classification explained above, supercapacitors can be symmetric 

or asymmetric depending on the electrodes used for assembly [23], i.e the assembly 

of two electrodes with the same composition as positive and negative electrodes 

originate a symmetric supercapacitor and, whereas the assembly of two electrodes 

with different composition as positive and negative electrodes make an asymmetric 

supercapacitor for example, a battery type electrode as the energy source and a 

capacitor type electrode as the power source [24], e.g. lithium-ion capacitor (LIC) that 

is an asymmetric hybrid device [25] due to the combination of a battery mechanism 

in the negative electrode (lithium titanate) and an electric double-layer supercapacitor 

mechanism of in the positive electrode (activated carbon) [26]. 

1.4. Energy Storage Mechanisms in Supercapacitors 

As mentioned in the previous section the storage of electrical charge in a 

supercapacitor can be carried out electrostatically and/or electrochemically. When the 

charge is stored electrostatically it is known as electrical double-layer capacitance 

mechanism and when the charge is stored electrochemically it is known as 

pseudocapacitance mechanism. Both mechanisms will be explained in the next 

sections.  

 Electrical Double-layer Capacitance Mechanism 

The ability of a system to store electrical charge when a potential difference 

exists is known as capacitance; the best system where capacitance is produced is a 

capacitor [20a]. In a capacitor, the electrical charge is stored through the electrical 

double-layer formed between the electrode and electrolyte interface, which can be 

explained using the theory of the electrical double-layer from Helmholtz in 1879. This 

description is the simplest models to understand the operating principles of an EDLS 

[19c]. According to the Helmholtz model, when an electrode (electronic conductor) is 

in contact with an electrolyte (ionic conductor) the charges organise at the electrode-

electrolyte surface forming the “electrical double-layer”, as shown in Figure 1.4 [27,5]. 
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Figure 1.4 Scheme of the compact electrical double-layer described by the Helmholtz model 

 

Following the Helmholtz model (compact layer), other models have been 

introduced which describe in more detail the possible formation of the “electrical 

double-layer” including diffusion in the solution or the interaction of the solvent with 

the electrode surface. The most important ones are the Gouy-Chapman model 

(involving a diffuse double-layer) [28], the Stern model (combines the compact and 

the diffuse double-layer) and the Bockris-Devanathan-Müller (BDM) model that 

includes the solvent action in the electrode interface and the previous models [29]. 

The BDM model is the most detailed one and it states that there is a first layer formed 

at the electrode surface called inner Helmholtz plane (IHP) referring to the monolayer 

of the polarised solvent molecules and a second layer corresponding to the charge 

layer in the electrolyte that is known as outer Helmholtz plane (OHP) as it can be seen 

in Figure 1.5 [30]. This model further describes that the orientation and permittivity of 

the solvent molecules strongly depend on the electric field. 

 
Figure 1.5 Schematic view of a double-layer between a negative electrode surface and an 

electrolyte by the BDM model [30] 
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It must be taken into account that a supercapacitor is still a capacitor and should 

be governed by all the equations that described a dielectric capacitor. In an ideal 

dielectric capacitor, the capacitance, C, is defined by Equation 1.1 and it is measured 

in farads (F), as the ratio of the electric charge on each electrode, Q (C), to the 

operational voltage, EW (V), of the capacitor. In other words, the potential is 

proportional to the charge stored in the capacitor (𝐶 ∙ 𝐸𝑊 = 𝑄) [31].  

𝐶 =
𝑄

𝐸𝑊
= 𝜀

𝑆

𝑑
 Equation 1.1 

For conventional capacitors, 𝐶 is directly proportional to the surface area, 𝑆, of 

one of the electrodes and inversely proportional to the distance, 𝑑,  between 

electrodes; ε  is the permittivity of the medium between the electrodes. 

Two main characteristics of a capacitor are its energy and power density, and 

both can be expressed as a quantity per unit area (energy or power density) or per 

unit weight (specific energy or power). The energy, E, stored is directly proportional 

to its capacitance, C (F), because it is related to the charge, Q (C), that can be 

accumulated at each electrode-electrolyte interface and the operational voltage of 

the supercapacitor, EW (V), as can be seen in Equation 1.2. 

𝐸 = 1 2 ∙ 𝐶 ∙ 𝐸𝑊2⁄  Equation 1.2 

Power, P, is usually the rate of energy delivered per unit time and it is calculated 

using Equation 1.3. In order to determine P in a supercapacitor, the device operational 

voltage, EW (V), and all the resistances existing in the supercapacitor assembly have 

to be taken into account. The resistances that can be found in a supercapacitor are 

the resistances of the electrodes, electrolyte, separators and current collectors. All 

these resistances can be aggregated under the name of equivalent series resistance, 

ESR (Ω), thus, ESR is how the resistance of the device itself is determined [32].  

𝑃 =
𝐸𝑊2

4 ∙ 𝐸𝑆𝑅
 Equation 1.3 

From Equation 1.2 and Equation 1.3, it can be seen that an increase of the 

capacitor operational voltage, V, causes a significant enhancement in the power, P, 

and energy, E. 

Another important characteristic of a supercapacitor is the time needed to 

charge and discharge that is usually in seconds. The charge-discharge in a 

supercapacitor (EDLS) usually consists of the movement of the ions from the 
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electrolyte as shown in Figure 1.6. In the case of the charging state, the ions move to 

the electrode surface to form the double-layer, i.e. cations move to the negative 

electrode and the anions move to the positive electrode [33]. 

 
Figure 1.6 Two electrodes EDLS scheme, showing the charges distribution when it is charged 

(left) and discharged (right) 

 

 Pseudocapacitance (or Electrochemical) Mechanism 

As it was explained previously, the performance of an EDLS is based on 

electrostatic adsorption of ions at the electrode/electrolyte interface obtaining 

capacitance based on the electrode surface source and the electrolyte medium used.  

Another source to enhance this capacitance is by reversible and fast faradaic 

reactions (associated with electron transfer) on the active material’s surface. This effect 

is known as pseudocapacitance and it is induced in the electrodes when active 

materials such as electronically conducting polymers (ECPs) or transition metal oxides 

are utilised as electrodes [34]. Figure 1.7 shows a schematic view of a positive 

electrode formed by an electronically conducting polymer in which fast electron 

transfer reactions take place in the polymer chain due to the ECP reduction and 

oxidation, that provokes the passage of charge across the double layer, like the 

charging and discharging processes in a battery [35]. Possible Faradaic processes 

going on in a pseudocapacitive material viz. reversible doping-dedoping in an 

electronically conducting polymer [36], reversible adsorption-desorption of e.g. 

hydrogen in Pt [37] and redox reactions of a transition metal oxides based electrodes 

[38].  
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Figure 1.7 Schematic view of the positive electrode of a pseudocapacitor or electrochemical 

supercapacitor formed by an electronically conducting polymer 

 

For a better understanding, the main difference between an electrochemical 

supercapacitor and a battery lies in the place where the charge is stored; in the case 

of an ES the charge is stored at the electrode surface and in a battery, the entire 

electrode is involved [9]. For an ES or pseudocapacitor, the charge transferred during 

these fast and reversible Faradaic processes is proportional to the voltage, as it 

happens in an EDLS, and due to these rapid redox processes the power density 

increases, therefore, an ES normally shows much higher power density than batteries 

[39]. 

1.5. Supercapacitor Components 

As it was shown in Figure 1.1 (a), a supercapacitor is composed of two electrodes 

(anode and cathode), an electrolyte, a separator and two current collectors.  

  Electrodes 

The design and control of the electrode materials play an important rôle in the 

performance of the SCs including the capacitance, rate capability and the cycle life 

stability [40].  

In general, one of the most important characteristics of the electrode in a 

supercapacitor is to have a high surface area because the double-layer storage and 

the pseudocapacitance mechanisms are surface-based processes; the surface features 

of the electrode greatly influence the capacitance of the cell e.g. in a porous 

electroactive electrode the increase of the porosity will enhance the ion penetration 

of the electrolyte into the electrode surface [32,31,20b,3,41]. Other features that 

electrodes should have are high electric conductivity, good corrosion resistance, high-

temperature stability, controlled pore structure and relatively low cost [22d]. As 
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mentioned in section 1.3, the classification of supercapacitors is determined by the 

storage mechanism and also depending on the electrodes compositions. In the next 

subsections, different electrode materials used in SCs will be explained. 

1.5.1.1. Carbon-based Electrodes 

For a good electric double-layer supercapacitor performance, materials with 

high surface area and pores adapted to the size of the ions from the electrolyte are 

needed [42]. The porosity of the electrode material will be crucial for the EDLS 

performance, e.g. the surface area can be increased by the development of porosity 

in the carbon materials showing an enhancement in the capacitance [30]. The 

International Union of Pure and Applied Chemistry (IUPAC) defined pores by their size 

as follows: macropores (larger than 50 nm), mesopores (between 2 and 50 nm) and 

micropores (smaller than 2 nm) [43].  

Carbon-based electrodes such as activated carbon (AC), nanotubes, nanofibers, 

graphite or graphene have been investigated as electrodes for SCs because of their 

accessibility, non-toxicity, high thermal and chemical stability, their large specific 

surface area (SSA), high electrical conductivity, and wide temperature range stability 

[44]. 

Activated carbons are currently the most widely used materials due to their high 

SSA and moderate cost. From these materials, it has been possible to obtain 

capacitance values of 100-120 F g-1 in organic electrolytes and around 150-300 F g-1 

in aqueous electrolytes. However, in the latter, a lower operational voltage is observed 

due to water decomposition which limits the operational voltage [3]. 

Supercapacitors are power supply devices so, there is a tremendous research 

effort to improve their energy density without losing their high power delivery and 

cycle life. The challenge of increasing the energy without losing power density can be 

solved by adding other materials with pseudocapacitive behaviour (fast surface redox 

reactions) such as transition metal oxides or electronically conducting polymers to the 

carbon [44]. 

1.5.1.2. Transition Metal Oxides-based Electrodes 

Metal oxides such as RuO2, Fe3O4 or MnO2 have been extensively studied in the 

past decades for their application in supercapacitors as electrodes [3]. RuO2 is the 
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most promising electrode material because of its high rate capability, good 

electrochemical reversibility, long cycle life, high specific capacitance and high 

conductivity. It has, however, some drawbacks due to lack of abundance and cost of 

the precious metal Ru [9]. Hence, other metal oxides such as the manganese oxide 

have been studied, especially because of its environmentally friendly character and 

low cost [45]. 

Despite metal oxides being considered as promising pseudocapacitive 

materials, they usually have low power density due to their poor electric conductivity 

limiting the electron transfer rates, and poor cycle life stability because of the 

morphology damage caused by the swelling and shrinkage of the electrode material 

during the charge and discharge process (redox reaction of the metal oxide) [46]. 

1.5.1.3. Electronically Conducting Polymer-based Electrodes 

Polymers are materials containing long-chain molecular structures which are 

normally insulators, flexible and they are obtained by a straightforward synthesis. 

However, electronically conducting polymers, a type of semiconducting polymers also 

known as “synthetic metals” [47] started to be developed in 1977 when Shirakawa et 

al. [48] synthesised and characterised them showing that they can have excellent 

electrical and optical properties. This discovery received the Novel Prize in Chemistry 

in 2000 (i.e. “for the discovery and development of metal-like conducting polymers”) 

[49]. 

These polymers possess electronically conducting properties due to the 

delocalisation of electrons along the p-orbitals of their conjugated polymer backbone. 

These unusual properties allow conjugated polymers to be used for many applications 

replacing metals, including in sensing devices, actuators and energy storage devices 

such as supercapacitors or batteries. However, most of the ECPs are intractable (i.e. 

insoluble or brittle) due to the backbone rigidity that is intrinsically associated with 

the delocalised conjugated structure. Table 1.1 shows the most common electronically 

conducting polymers used as electrodes in energy storage devices [50]. 
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Table 1.1 The most commonly used electronically conducting polymers for energy storage 

devices 

ECP Structure 

Date 

conductivity 

was 

discovered 

Conductivity 

(S cm-1) 
Reference 

Polyacetylene 
 

1977 103 - 105 [48] 

Polypyrrole 

 

1979 102 - 103 [51] 

Polyaniline 
 

1980 30 - 200 [52] 

Polythiophene 

 

1981 10 - 103 [53] 

 

1.5.1.3.1. Polymerisation Process 

ECPs can be synthesised chemically or electrochemically, and the advantages 

and inconveniences of each method are presented in Table 1.2. The chemical 

polymerisation can be carried out using methods such as condensation or addition 

polymerisation [54]. Condensation polymerisation consists of the loss of small 

molecules, such as water or hydrochloric acid; whereas, in the case of the addition 

polymerisation, radical, cation and anion polymerisation can be carried out, 

depending on the respective radical, cation or anion intermediates that control the 

reactivity of the polymer chain [55]. Electrochemical polymerisation, proposed by Diaz 

et al. [51] in 1979, is the most commonly employed method for making conducting 

polymer films; it is a straightforward electrochemical synthesis using a three-electrode 

system (working, reference and counter electrode) in an electrolyte composed of a 

solution of the monomer and dopant in a suitable solvent [56]. This method consists 

of the electrodeposition of the conducting polymer at the working electrode (anode) 

when a current/voltage is applied through the system [55,57]. 
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Table 1.2 Advantages and challenges of chemical and electrochemical polymerisation of 

conducting polymers 

Polymerisation nature Advantages Challenges 

Chemical polymerisation 

Multiple routes of synthesis Complicated synthesis 

Novel ECPs can be 

synthesised with new 

monomers 

Cannot make very thin films 

Scale-up 

Difficult homogeneity and 

uniformity in films; 

processing difficulties 

Electrochemical 

polymerisation 

Straightforward synthesis 
Difficult to remove films 

from the electrode surface 

Very thin films can be made 

(20 nm) 

Scale-up is difficult due to 

film breaking in large scale 

Simultaneous ECPs doping  

 

The electrochemical polymerisation of conducting polymers starts with the 

oxidation of the monomers at the working electrode to form radical cations and, 

follows with the reaction among these radical cations, forming insoluble polymer 

chains at the electrode surface. The mechanism of the electrochemical polymerisation 

of ECPs is shown in Figure 1.8. 

 
Figure 1.8 Electrochemical polymerisation mechanism of a heterocycle. X = NH, S or O. A- 

corresponds to the counterion from the dopant [58,55] 

 

1.5.1.3.2. Conduction Mechanism 

The conductivity of electronically conducting polymers consists of electron 

transportations which can be intra-chain, inter-chain or inter-domain, and it is 

influenced by orientation, crystallinity and purity. However, the full details for each 
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transportation processes are still not fully understood. The most obvious factor which 

influences conductivity is the doping process of ECPs.  

Different types of doping process exist such as chemical, electrochemical, photo 

or non-redox doping. Chemical doping is the most common process, and it consists 

of the partial oxidation (p-doping) or partial reduction (n-doping) of the polymer 

chain in a solution containing a dopant as shown in Figure 1.9. P-doping is achieved 

using oxidants such as I2, FeCl3 or ammonium persulfate, and in the case of n-doping, 

is necessary to use reductants such as Na or K [58]. 

 
Figure 1.9 Reversible redox reaction of electronically conducting polymers that can be p-

doped with anions (A-) or n-doped with cations (C+) demonstrating that they can be utilised 

for the charging/discharging process in SCs 

 

The most common type of doping is the p-doping which oxidises the ECPs chain.  

The dopant has to be negatively charged to act as the counterion and maintain the 

charge balance within the polymer (i.e. positive charges are developed along the 

polymer backbone as shown in Figure 1.10). Firstly, a polaron is formed (neutral and 

charged soliton (one charge defect) in the same chain), which is essentially a singly 

charged cation radical at the polymer chain coupled with local deformations and then, 

a bipolaron can be formed if two charged defects form a pair [59]. 

 
Figure 1.10 Doping process for ECPs with a heterocycle monomer. X = NH, S or O and anion 

(A-) required to maintain electroneutrality 
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Different dopants precursors can be incorporated to carry out the doping of 

ECPs such as p-dodecylbenzene sulfonic acid (DBSA), camphor sulfonic acid (CSA) or 

β-naphthalene, being the most commonly used those containing a sulfonic acid group 

in the structure. Several articles reported that the use of sulfonic acid as a dopant 

precursor of ECPs resulted in a better thermal stability and in an increment of the 

conductivity of the ECPs [57,60]. 

To sum up, the doping process is considered as the introduction of charge 

defects in the polymer chains but, it is not general for all the ECPs, the doping process 

is still a matter of discussion [59]. Nevertheless, the band theory (Figure 1.11) 

developed by Harrison [61] in 1979 (well-established for solid materials) could explain 

the changes in the electronic structure induced by the doping process. Metallic 

conductors (a) are characterised by a partially filled valence band or an overlap 

between the valence and the conduction bands. Insulators (b) and semiconductors (c) 

possess a band gap between the top of the valence band and the bottom of the 

conduction band, being the gap energy rather large for an insulator and, in contrast, 

relatively small for a semiconductor. The application of this theory to the electronically 

conducting polymers consists of the assumption that the neutral ECP (reduced and 

undoped) is considered as an insulator because it has a full valence band and an 

empty conduction band separated by a bandgap. In the case of the polaron and the 

bipolaron, the ECPs are considered semiconductors or even metals, depending on the 

grade of doping (oxidation and incorporation of counterions) [62]. Another case in 

which an ECP can be considered an insulator is when it has been overoxidised; the 

overoxidation process is an irreversible oxidative degradation of a ECP under an 

anodic applied potential or a strong oxidant agent [63].  

 
Figure 1.11 A schematic representation of energy gaps according to the band theory for solid 

materials [50] 
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ECPs can be easily altered between conducting and insulating states depending 

on their electrochemically or chemically oxidation and reduction processes. During 

this unique situation, other ECPs properties can be altered such as their conductivity 

[54]. 

ECPs have been tested in supercapacitors as pseudocapacitive materials and 

have shown high capacitance and low ESR [64]. However, supercapacitors based on 

ECPs face problems such as capacitance fade, incomplete electro-wetting, restrictions 

on the thickness of electrodes, mechanical stability, and use of environmentally toxic 

chemicals [65,3].  

 Electrolyte 

Generally, the selection of the electrolyte material depends on the electrode 

type, but in principle, any ionic conductor can be used as an electrolyte in an energy 

storage device such as a supercapacitor. The main characteristics that are required for 

the electrolyte materials are high double-layer capacitance, wide electrochemical 

window, high ionic conductivity, wide operating temperature, as well as to be highly 

safe including low volatility and flammability and to be environmentally friendly [27]. 

The nature of the electrolyte has an influence on the supercapacitor 

performance, in other words, the capacitance, the energy/power densities and the 

cycle life can be affected by the electrolyte chosen. This is because the electrochemical 

window of the electrolyte directly determines the supercapacitor operational voltage, 

through which energy and power densities are affected, as shown in Equation 1.2 and 

Equation 1.3 [66]. 

Common electrolytes used in commercial energy storage devices are sulfuric 

acid, potassium hydroxide or potassium chloride in water and TEABF4 in acetonitrile 

or in propylene carbonate [67]. The major limitation of commonly used electrolytes is 

their decomposition when a voltage is applied. Moving from aqueous to organic 

electrolytes the operational voltage changes from 0.9 V to 2.5-2.7 V for EDLSs [68]. 

Accordingly, stable electrolytes with a wider electrochemical window are 

needed. In the past decade, ionic liquids (ILs) have been identified as “greener” and 

better electrolytes candidates. ILs are defined as organic salts that possess melting 

points below 100 ºC and they are composed entirely of ions [69]. They have unique 

features such as high chemical and thermal stability [70], wide electrochemical 



Chapter 1: Introduction to Supercapacitors 

17 

 

windows (EW) with values up to 6.5 V [71], high ionic conductivity [72], negligible 

vapour pressure [73], non-flammable nature [74], and recyclability [75]. A further 

review of ionic liquids will be discussed in section 2.1. 

 Separator 

A separator allows the transfer of the charged ions but forbids the electronic 

contact between electrodes. The separator should have a high ionic conductance, a 

high electronic separator resistance and low thickness to obtain a competitive 

supercapacitor [76]. There are different separators that can be used depending on the 

electrolytes. In organic electrolytes, polymers e.g. polyvinyl chloride, Teflon®, 

polypropylene or paper separators are used and; with aqueous electrolytes, glass fibre 

or ceramic separators are applied [20b].  

Nowadays, one of the major aims is to replace the components of the 

supercapacitors with more biodegradable and recyclable materials, and therefore, the 

use of paper separators has increased in the last years. Paper-based separators are 

low-cost, non-toxic and safe materials, thus representing a green alternative to 

conventional materials such as the polymer separators [77]. 

1.6. Applications of Supercapacitors 

Supercapacitors allow new opportunities for power electronics because of their 

high-power capability. There are numerous articles highlighting the applications of 

supercapacitors. Some of them are listed in Table 1.3. 

Currently, there is an emerging field of work involving the use of energy storage 

devices to “power-up” applications that require flexible, ultrathin and safe designs due 

to the demand for the next-generation of portable and flexible electronics such as 

wearable devices [78], roll-up displays or biomedical implants [22c]. Hence, the 

research on flexible energy storage devices (FESDs) is being developed to meet the 

rapidly growing demand for these flexible electronics. 
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Table 1.3 Possible applications of supercapacitors 

Applications of 

supercapacitors 
Brief description References 

Hybrid vehicles 
Supercapacitors may supply the power to the electric 

vehicle. For start-stop and regenerative energy needed 

[79] 

Uninterruptible 

power supplies  

An uninterruptible power supply is made up of rectifier, 

inverter, electrical energy storage unit and switches, for 

applications in healthcare, emergencies, and in 

operating computing applications 

[80] 

Memory back-up 

SCs can be used for memory back-up in toys, cameras or 

mobile phones due to fast charge/discharge in less than 

2 minutes  

[3] 

Portable power 

supplies 

For portable electronic equipment with moderate 

energy demands, SCs are well suited to act as 

rechargeable stand-alone power sources 

[81] 

Power quality 

To improve the reliability and quality of power 

distribution avoiding harmonics and spikes, SCs can be 

a good option as an energy storage device 

[82] 

Biomedical 

applications 

Supercapacitors can be used as a replacement for 

batteries for implantable medical devices that just need 

fast power-up systems in emergencies 

[83] 

 

1.7. Flexible Energy Storage Devices 

The need for smart materials that can function on external activation for their 

use in modern electronic devices has increased tremendously over the last decades, 

with a market size of $34.3 billion that is expected to grow to $80.2 billion by 2020 

[84]. In the meantime, there is a growing need for developing electronic materials 

from natural resources such as bio-waste, specifically for energy storage device 

applications. This urge for using bio-renewable sources for electronic materials 

fabrication is due in order to avoid the large electronic waste generated nowadays, 

for example, the Environmental Protection Agency reported that 3,140,000 tonnes of 

electronic waste was generated until 2013 [85]. 

Flexible energy storage devices are energy conversion systems that can operate 

(store and release electric charge) under considerable physical deformation [86]. They 

have recently attracted a lot of interest for their potential applications in various 

flexible electronic systems including [31], microfluidic devices, portable devices, 

organic electronics, wearable personal multi-media and roll-up and bendable displays 

[87].  



Chapter 1: Introduction to Supercapacitors 

19 

 

As in the case of energy storage devices, there are different FESDs such as 

lithium rechargeable batteries [88], flexible fuel cells [89] and flexible supercapacitors 

[90]. This thesis will be focussed on flexible supercapacitors due to their application 

as power devices in wearable or portable electronics that need to be bendable while 

demonstrating an excellent performance [91].  

 Flexible Supercapacitors 

Research articles on flexible supercapacitors (FSCs) started to appear around 

2000 as shown in Figure 1.12 (b). However, it was not until 2013 when there were more 

than 203 publications per year about flexible supercapacitors. 

Figure 1.12 shows how emerging is the field of the study on flexible 

supercapacitors in comparison to the general field of supercapacitors. As it can be 

seen in Figure 1.12 (a) the supercapacitors investigation started in 1986 and, in 2010 

there were more than 1000 publications containing the term supercapacitor in the 

title.  

 
Figure 1.12 (a) Supercapacitors publications from 1986 until 2017, (b) Flexible 

Supercapacitors publications from 2000 to 2017. Data obtained from SciFinder CAS 

 

Flexible supercapacitors development started to be important due to the boost 

of flexible and bendable consumer electronics which require “next generation” 

supercapacitors with flexible, bendable and lightweight characteristics [92]. Therefore, 

they are being investigated to determine if they are suitable power sources for the 

new consumer electronics.  

 
Figure 1.13 General flexible supercapacitor design based on a sandwich type design, 

composed of sealer (yellow), current collectors (grey), flexible electrodes (black) and a 

separator (blue) soaked in electrolyte 
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Flexible supercapacitors are composed of flexible active materials/films as 

electrodes, solid-state or encapsulating electrolytes, separator and current collectors 

as all the other energy storage devices, but also, there are new prerequisites needed 

for the accommodation of flexible supercapacitors under a wide range of bending and 

pressure conditions [22c]. Different designs have been attempted, however, the most 

commonly used is known as “sandwich-type” that consists of the assembly of 

electrode-electrolyte-separator-electrolyte-electrode as it is shown in Figure 1.13 [86]. 

A further review on the flexible electrodes used in flexible supercapacitors will be 

shown in section 2.5.1. 

1.8. Aim of this Thesis 

The aim of this PhD is to design, fabricate and characterise a flexible 

supercapacitor using new flexible electrodes based on biopolymer-conducting 

polymer composites as electrodes and ionic liquids as the electrolyte. Therefore, the 

objectives will be divided into two sections; the first part focuses on the design, 

fabrication and characterisation of the new composite materials as electrodes and, the 

second part will be dedicated to the application of these composite materials as 

flexible electrodes in flexible supercapacitors which will be assembled and 

electrochemically characterised by cyclic voltammetry (CV), galvanostatic charge-

discharge (GCD) and electrochemical impedance spectroscopy (EIS). 

The first step consists of preparing the flexible cellulose-based composite 

electrodes using the ionic liquid technology to process the cellulose. To induce 

electronic conductivity to these cellulose-based electrodes the addition of a 

conducting polymer such as polypyrrole is proposed. The addition of an ionic liquid 

as a plasticiser and graphite powder as a conducting material is proposed to improve 

the flexibility and the conductivity of the composites, respectively. The full 

characterisation of the new composites will be carried out by solid-state 

characterisation techniques such as Fourier Transform-Infrared (FT-IR) and Raman 

spectroscopies and thermogravimetric analysis (TGA). The morphology of the 

materials and elemental analysis will be studied using scanning electron microscopy 

(SEM) and energy dispersive X-Ray (EDX); mechanical properties will be analysed by 

tensile strength measurements, and electroactivity will be evaluated by cyclic 
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voltammetry. Figure 1.14 shows a scheme that summarises the cellulose-based 

composite development and characterisation. 

 
Figure 1.14 Scheme of the cellulose-based composites development and the characterisation 

proposed  

 

In summary, the aim of this PhD i.e., the fabrication of a supercapacitor which is 

flexible while retaining the superior properties of a supercapacitor such as high power 

density, long cycle life and good rate capability (as shown in Figure 1.15) will be carried 

out using the cellulose-based composite electrodes developed and an ionic liquid as 

the electrolyte. 

 
Figure 1.15 Scheme showing the aim of this PhD  
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Chapter 2 will be dedicated to the review of all the components used 

throughout this PhD research for the fabrication of flexible electrodes for flexible 

supercapacitors. A literature review of ionic liquids, cellulose and electronically 

conducting polymers will be presented followed by a review of flexible 

supercapacitors as shown in Figure 2.1. 

 
Figure 2.1 Scheme summarising the topics involved in Chapter 2 

 

2.1. Ionic Liquids 

Ionic Liquids are known since 1888 when Gabriel and Weiner [93] synthesised 

the first ionic liquid reported, ethanolammonium nitrate, with a melting point of 52-

55 ºC. In 1914, Walden synthesised ethylammonium nitrate, a salt with a melting point 

of 12 ºC, being the first room temperature ionic liquid (RTIL) known [94]. But was not 

until 1950, when the interest in ILs gathered momentum and the first so-called ionic 

liquids were obtained by the mixture of aluminium(III) chloride and 1-ethylpyridinium 

bromide, to use them for the electrodeposition of aluminium [95]. From 1975 the 

group of Osteryoung [96] and Wilkes [97] studied the electrolyte application of ILs in 

batteries. The major increase in the study of ionic liquids took place at the beginning 

of the 90s when their great diversity and ability to be tuned was discovered [98]. From 

this period, the research interest in ILs experienced an exponential increase, as it can 

be seen in Figure 2.2; also, the comparison with other three top topics showed how 

high was the research in ionic liquids and it is still nowadays.  
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Figure 2.2 Ionic liquids articles and patents from 1980 until the end of 2013. Graph published 

by Deetlefs et al. [99] in 2014 

 

As shown in Figure 2.3, ILs are generally formed by an organic cation based on 

heterocyclic nitrogen, quaternary nitrogen or phosphorous, and an anion which may 

be either inorganic or organic [100]. 

 
Figure 2.3 Common cations and anions used to form ILs. Figure adapted picture from 

reference [101] 
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 Synthesis of Ionic Liquids 

The synthesis of simple ILs is generally carried out in one or two steps as shown 

in Figure 2.4 [102]. The first step is known as the quaternisation reaction and involves 

the alkylation or protonation of a starting material (amine, phosphine or sulphide) to 

generate the cation-anion ion pair [103]. The second step is known as metathesis and 

involves an anion exchange reaction to change the previous anion for a new one, this 

reaction is not always necessary [104]. 

 
Figure 2.4 General synthesis paths for ionic liquid preparation. Figure adapted from reference 

[35] 

 

In some cases, however, to modify the properties of an IL for a specific 

application, needs the incorporation of various functional groups to the structure of 

the cation, anion or both is needed [105]. For the preparation of these more complex 

ILs, called "Task-Specific Ionic Liquids" (TSILs) [106], it is necessary to apply organic 

synthesis methods that comprise several steps. There are many books, reviews and 

research articles describing the application of TSILs in physical chemistry [73], 

electrochemistry [107], designing ability of structure [108], metal extraction [109] and 

catalytic or solvent ability in organic reactions [110]. 

The application of TSILs in catalysis can be considered one of the most common 

examples. For example, the phosphonium sulfonate synthesised by Cole et al. [111] in 

2002 was used as a catalyst in organic reactions such as esterification or dehydration 

reactions. Another application for TSILs is in electrochemistry, more specifically, the 

design of electrolytes. In 2009, Devarajan et al. [112] developed a novel oxygen-

containing spiro ammonium salt, for its use as an electrolyte in electrical double-layer 
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supercapacitors, this IL, oxazolidine-3-spiro-1’-pyrrolidinium tetrafluoroborate, shows 

higher potential window (~ 5 V) and capacitance in comparison to the commercial 

and standard electrolyte, TEABF4. 

Hence, the ionic liquid ion structures can be designed and tuned with the 

objective of changing their properties and, consequently, their interesting 

characteristics.  

 Properties of Ionic Liquids 

In this section, the description of the ionic liquids’ properties such as their 

melting point, decomposition temperature, viscosity, density and conductivity will be 

discussed.  

2.1.2.1. Melting Point 

In contrast to traditional ionic salts with strong ionic bonds, in ILs the cation and 

anion areas, sizes and symmetries are very different, providing little efficient 

packaging and weaker Coulombic forces (attraction forces between cation-anion) 

than in traditional salts as it can be seen in Figure 2.5 (b). In this, the IL, [C4mim][PF6], 

is represented by different colours i.e. the charge parts of the cation and anion (i.e., 

imidazolium rig of the cation and the entire PF6
- anion) are red and the nonpolar parts 

(i.e., side chains of the cation) are green [113]. For comparison, an example of an ionic 

salt, sodium chloride (NaCl), showing a cubic and well-packed crystal lattice structure 

is included in Figure 2.5 (a). In this, each ion is surrounded by six ions of the opposite 

charge.  

 
Figure 2.5 a) Sodium chloride cubic crystal system where the chloride (green) and the sodium 

(purple) are close-packed and, b) snapshots of the pure ionic liquid, [C4mim][PF6], in a 

simulation box where the charged parts of the cation and anion are colored in red and the 

nonpolar parts were in green. Figure adapted from reference [114] 
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The difference in the cations and anions interaction and packing provides one 

of the most peculiar properties of ionic liquids which is their lower melting point. Ionic 

liquids usually have low melting points (close to room temperature) but they can 

reach, in some cases, -100 °C [115]. The melting point and the decomposition 

temperature of a fluid determine its liquid range which, in the case of ionic liquids, 

can be as large as 200-300 °C [116].  

Melting points of ionic liquids depend on the structure of the cation and anion, 

with the main factors being the size and symmetry of the ions and the length and 

shape of the alkyl chains from the ions [117]. In general, an increase in the size of the 

ions causes that the Coulombic interactions become weaker, and consequently the 

melting points decrease [117]. Other factors that can also affect the melting point of 

ILs include, π-π aromatic interactions, Van der Waals forces between the alkyl chains 

or the formation of hydrogen bonds [116,118].  

The influence on the melting point by the length and shape of the alkyl chains 

of the ions can be seen, for example, in ILs containing 1-alkyl-3-methylimidazolium 

cations, [Cnmim]+. In these, a melting point drop is observed as the aliphatic chain 

increases from 1 to 6-8 carbon atoms; however, from 8 carbon atoms, the melting 

point increases due to the formation of van der Waals forces between the aliphatic 

chains (Figure 2.6) [117,119]. In the case of the pyrrolidinium salts, the lowest melting 

point is obtained with alkyl chain lengths of n= 3 or 4 [120].  

 
Figure 2.6 Predicted and observed melting points of a series of 1-alkyl-3-methylimidazolium 

hexafluorophosphate, [Cnmim][PF6], ionic liquids with increasing carbon chain length on the 

cation, n= 2-18. Graph adapted from reference [121] 
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2.1.2.2. Decomposition Temperature 

The decomposition temperature of an ionic liquid is known as thermal stability 

and is obtained by thermogravimetric analysis [122]. ILs generally have high thermal 

stabilities, being able to rise above 400 °C. In general, the thermal stability of ILs 

notably depends on the type of anion, being lower the effect of the cation [123]. 

Thermal stability increases with the size of the anion and decreases with the increase 

of its hydrophilicity [124]. Among the most common anions, the decomposition 

temperature decreases in the series: [BETI]- > [NTF2]
 - > [CF3SO3]

- > [BF4]
- > [PF6]

- 

>> Br-> Cl- [125,115]. 

2.1.2.3. Viscosity 

Transport properties such as viscosity, diffusion coefficient and ionic 

conductivity, have a crucial rôle in chemical and engineering processes. 

Fundamentally, the transport properties of the ILs depend on the nature of the cation 

and anion, as well as the temperature and pressure conditions [116,126]. In the case 

of the viscosity, which describes the resistance of a fluid to flow, ILs generally display 

high viscosities from 10 to 105 cP, i.e., much higher values than in the case of water 

which shows 1 cP [127].  

For the most common cations, it has been found that the lowest viscosity 

corresponds to the anion [NTf2]
-. The viscosity of ILs increases with the type of anion 

as follows: [NTF2]
- < [FAP]- < [BETI]- < [CF3SO3]

- <[BF4]
- < [C2SO4]<[C1SO4]< [PF6]

- 

< [C1COO]- < Cl- < Br- [127,115]. According to the cation, the viscosity increases 

following the trend: n-alkylimidazolium < n-alkylpyridinium < n-alkylpyrrolidinium 

[116]. 

2.1.2.4. Density 

The density is dependent on temperature, decreasing when the temperature 

increases [128]. It also, depends on the structure of the IL, with the density decreasing 

when the volume of the cation or the anion (molecular weight) increases; for example, 

when the size of the alkyl chains increases. The addition of CH2 groups to the alkyl 

chain in the imidazolium cation decreases the density because the CH2 is less dense 

than the imidazolium ring [119]. Another factor to consider is the presence of heavy 
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atoms. Heavy atoms in the structure increase the density because the density depends 

on the molecular mass of the compound [129]. 

2.1.2.5. Ionic Conductivity 

Ionic liquids are composed entirely of ions; hence, they have relatively high ionic 

conductivities, i.e. the ions can move easily without restriction from solvent molecules. 

The conductivity (ion-mobility) of ILs increases significantly with temperature and is 

related to the viscosity; the conductivity of the ILs decreases when the viscosity 

increases and vice versa. It is, also, affected by the molecular weight, density and ions 

size [130,124,126]. In the case of the ions size, the conductivity decreases with the 

anion volume, e.g. with imidazolium cations, the conductivity follow the trend: 

[C2mim][BF4] > [C2mim][PF6] > [C2mim][BETI] [131].  

There are different rules that correlate viscosity with the conductivity. The most 

suitable for pure ionic liquids is the Walden rule (Equation 2.1) where 𝛬 is the molar 

conductivity, 𝜂  corresponds to the viscosity and 𝑘  is the temperature dependant 

constant.  

𝛬 ∙ 𝜂 = 𝑘 Equation 2.1 

A typical Walden plot is shown in Figure 2.7 [27]. A Walden plot of log(molar 

conductivity, 𝛬) vs. log(reciprocal viscosity, η-1) is a convenient and versatile method 

that provides a qualitative measurement and treatment of the ionic conductivity of an 

electrolyte [132]. The calibration line is obtained from a standard solution of 0.01 M 

KCl that allows the calculation of 𝑘 which is placed in the Walden plot as the reference 

line passing through the origin and, the classification of ionic liquids as poor, good 

and superionic liquids can be done i.e. the ionicity of the ionic liquids is determined 

(the ionicity is the measurement of adherence to the Nernst-Einstein equation for the 

conductivity calculation) [133]. 
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Figure 2.7 Walden plot for different ILs and salts. This graph may serve to indicate ionicity of 

ionic liquids compared with a standard electrolyte. Graph adapted from reference [27] 

 

 Characteristics and Applications of Ionic Liquids 

Due to their unique properties as described above, ILs have been explored in a 

plethora of applications. The most important characteristics of ILs are listed in Table 

2.1. 

Table 2.1 Main characteristics of ionic liquids 

Characteristics Brief description References 

Very low volatility It has a negligible vapour pressure. Therefore, they are 

considered an alternative to the traditional volatile 

organic solvents  

[134] 

High                        

thermal stability 

The upper temperature limit is given by their thermal 

degradation point normally between 200 and 400 ºC  

[135] 

Non-flammability  "Green" character, presenting many advantages for its 

application in industry  

[135] 

Electrochemical 

stability 

Because of its high electrochemical stability and good 

ionic conductivity, one of its main applications is in 

electrochemistry  

[136] 

 

Figure 2.8 shows different applications where the ILs can be utilised. The most 

common applications are as solvents and catalysts in synthesis or biomass processing 

[137], electrolytes in electrochemistry [72], as plasticiser or lubricants in engineering 

[138], or their application in medicine or pharmaceutics due to their biological activity 

[139]. 
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Figure 2.8 Ionic liquids applications. Figure adapted from reference [121] 

 

In the following subsections, four ionic liquids’ applications are described in 

detail due to their use in this thesis e.g. ILs have been applied as electrolytes, as ionic 

liquid gels, as plasticisers and as solvent media to fabricate flexible composite 

electrodes.  

2.1.3.1. Ionic Liquids as Electrolytes  

In chapter 1 (section 1.5.2.) the rôle and the different types of electrolytes were 

described. Here, a further review about ILs as electrolyte will be presented.  

Typically, the operational voltage of an electrochemical device is mainly limited 

by the electrochemical stability or electrochemical window (EW) of the electrolyte 

used, which is a term that indicates the potential range and the potential difference; 

it is calculated by subtracting the reduction potential limit from the oxidation potential 

limit obtained from a CV (the calculation of the EW is explained in section 4.2.1) [27]. 

Aqueous electrolytes can display up to 1.23 V as the maximum electrochemical 

window because of the limiting factors from hydrogen and oxygen evolution, as it is 
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displayed in Figure 2.9 [140,66], and in the case of the non-aqueous electrolytes the 

electrochemical window can reach over 2.7 V thanks to the use of organic solvents 

such as acetonitrile or propylene carbonate, however, non-aqueous electrolytes have 

limitations due to their volatility and toxicity [67,136a].  

 

Figure 2.9 The potential window of Pt in 0.5 M H2SO4, demonstrating the H2/O2 evolution 

reactions at 1.0 atm and at room temperature. Figure adapted from reference [140] 

 

The use of RTILs as electrolytes was one of the pioneering applications of ILs 

resulting in electrolyte systems composed of ions and their combinations and, 

therefore, free of any molecular solvent [141]. ILs as electrolytes for supercapacitors 

and batteries have been studied to improve the performance of these devices 

avoiding the disadvantages of organic or aqueous electrolytes such as their 

decomposition or flammability [27,142]. The main reasons to propose ionic liquids as 

electrolytes are for the development of novel, safer and greener electrochemical 

devices, owing to their unique properties such as high electrochemical stability, since 

they present large electrochemical window owing to their ionic nature, good ionic 

conductivity, low volatility (avoiding leakage due to evaporation), non-flammability, 

high thermal and chemical stability, and recyclability [143,66]. 

The most investigated classes of ionic liquids for electrochemical applications 

are those with imidazolium and pyrrolidinium cations. Imidazolium-based ILs usually 

show higher conductivities and pyrrolidinium-based ILs display higher 

electrochemical stabilities [144,66].  
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In the case of batteries, researchers started to be very interested in the ILs with 

quaternary ammonium and phosphonium as cations and [NTf2]
- as anion because the 

lithium electrochemistry was stable within the electrochemical window of these ILs 

and the ion transport and charge transfer was high [145]. Cyclic pyrrolidinium and 

piperidinium bis{(trifluoromethyl)sulfonyl}amide ILs offered more cathodic stability 

and less viscosity than the aliphatic cations [146]. 

The IL electrolytes for supercapacitors are often aprotic ILs based on 

pyrrolidinium [147] and imidazolium cations [148]. EDLS using pyrrolidinium-based 

ILs can reach an operational voltage of 3.5-3.7 V and in the case of imidazolium-based 

ILs, the operational voltage can be in the order of 3-3.2 V [66]. Because of this higher 

operational voltage, supercapacitors using pyrrolidinium electrolytes displays higher 

energy than using imidazolium-based ILs. In contrast, imidazolium-based ILs show 

higher power due to their lower viscosity and higher conductivity [149].  

2.1.3.2. Ionic Liquids as Gels  

A gel is known as a substance composed of a liquid phase dispersed in a 

continuous solid phase, known as colloid and it is a type of soft matter [150]. In the 

case of an ionic liquid gel, the ionic liquid is the liquid dispersed in a continuous solid 

phase, for example, a polymer, as it can be seen in Figure 2.10 [151]. The supported 

ionic liquid-based composite obtained offers many benefits of ILs in an immobilised 

and flexible form [152]. Ionic liquid gels can be fabricated using a variety of structural 

support materials, including polymers [153], colloidal particles [151], carbon 

nanotubes [154] and small organic gelators [155].  

 
Figure 2.10 Ionic liquid gel preparation by the polymerisation of monomers/oligomers in an 

ionic liquid. Figure adapted from reference [152] 

 

Ionic liquid gels have numerous advantages, including high ionic liquid content, 

good electrical performance, wide electrochemical window, thin-film forming ability, 

transparency and mechanical elasticity [151]. In addition, they are relatively easy to 
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synthesise and process, which makes them convenient materials for electrochemical 

applications e.g. in electrocatalysis [156] or biosensors [157] and, in energy devices 

such as solar cells [158], fuel cells [159] or supercapacitors [160]. 

Kang et al. [161] in 2012 reported an all-solid-state flexible supercapacitor based 

on papers coated with carbon nanotubes and an ionic liquid-based gel as an 

electrolyte. The gel electrolyte was made of silica nanopowder mixed with the IL 

[C2mim][NTf2]. The solid-state supercapacitor showed a comparable performance to 

the one with neat ionic liquid electrolyte; it showed excellent stability for 4000 cycles 

with a specific capacitance retention of 97 % and the energy and power density was 

stable for 100 bending cycles with a radius of 4.5 mm. 

Another example of an ionic liquid gel as electrolyte in solid-state 

supercapacitors was published by Pandey et al. [162], who fabricated a flexible and 

free-standing gel polymer electrolyte based on plastic crystalline succinonitrile and 

the ionic liquid, [C4mim][BF4], entrapped in a copolymer for their application in 

solvent-free solid-state EDLS. The device fabricated using activated carbon as 

electrodes showed good cycle life stability for 10000 cycles with a ~ 80 % of 

capacitance retention.  

2.1.3.3. Ionic Liquids as Plasticisers  

 
Figure 2.11 Polymer chains without plasticiser (on the left) which cannot move in relation to 

each other. The picture on the right corresponds to polymer chains with a plasticiser that 

helps to the movement of the polymer chains 

 

In 1951, the International Union of Pure and Applied Chemistry (IUPAC) stated 

“a plasticiser is a substance or material incorporated in a material (usually a plastic or 

an elastomer) to increase its flexibility, workability or extensibility. A plasticiser may 

reduce the melt viscosity, lower temperature of a second order transition, or lower the 

elastic modulus of the product”, in other words, a plasticiser will affect the 

reorganisation of the material preventing its rigid state [43]. For example, in a polymer, 

the use of a plasticiser will separate the polymer chains and will help the mobility of 

the chains allowing that they slide past to each other, as it is shown in Figure 2.11 

[163]. The use of a plasticiser improves the mechanical properties of a polymer such 



Chapter 2: Literature Review 

35 

 

as Young’s modulus, % elongation and ultimate tensile strength which can be 

visualised in a stress-strain curve (Figure 2.12).  

 
Figure 2.12 Stress-strain curve of polymers, metals and ceramics. Graph adapted from 

reference [164] 

 

Figure 2.12 shows the stress and strain curves of three different materials such 

as ceramics, metals and polymers. Ceramics are the stiffest or the most rigid materials 

(the straightness of the line provides the stiffness of a material). The length of the lines 

in reference to the stress axis indicates the strength of a material and in reference to 

the strain axis, the ductility of a material. Therefore, ceramics and metals are stronger 

than polymers and, in contrast, polymers are more ductile than metals or ceramics. 

Generally, plasticisers such as dioctyl phthalate, diisodecyl phthalate or fatty acid 

esters [165] are used to increase the flexibility of polymers and composites, however, 

in the current work application of ionic liquids as plasticisers for conducting polymer 

composites was explored due to their low melting point, negligible vapour pressure 

and their ability to form hydrogen bonds which should result in better mechanical 

properties [138a]. 

As reported by Scott et al. [166] in 2002, ionic liquids can be used as plasticisers. 

The author found that the RTIL, 1-butyl-3-methylimidazolium hexafluorophosphate, 

[C4mim][PF6], was an efficient plasticiser for poly(methyl methacrylate), in comparison 
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to traditional plasticisers, with promising results for the development of flexible 

polymeric materials.  

In 2009, Ning et al. [35] studied the ionic liquid 1-allyl-3-methylimidazolium 

chloride, [Amim]Cl, as a novel plasticiser for corn-starch. Due to the strong hydrogen 

bond forming abilities of this IL with starch, thermoplastic starch can be formed. One 

year later, Sankri et al. [167] used 1-butyl-3-methylimidazolium chloride, [C4mim]Cl, 

as a plasticiser for thermoplastic starch and they found out that this IL decreased the 

elastic Young’s modulus of thermoplastic starch, from 8 MPa to 0.5 MPa, in 

comparison to classical glycerol plasticised thermoplastic starch. In contrast, the 

elongation at break increased from 100 % to 400 %. Both data demonstrated that the 

starch became less rigid and less resistant to elongation and stretching using the IL, 

[C4mim]Cl, as the plasticiser.  

In 2010, Lunstroot et al. [168] reported the use of [C6mim][NTf2] as a plasticiser 

in a new type of luminescent hybrid material, which was prepared by doping 

europium(III) complexes in a matrix of a blend of poly(methyl methacrylate) in the IL, 

[C6mim][NTf2]. They demonstrated the plasticity effect of the IL, as well as an 

improvement of the europium solubility in the poly(methyl methacrylate) resulting in 

a flexible and luminescence coloured film. 

Further work on ILs as plasticisers has been published in the last years [169]. For 

example, in 2016, Colomines et al. [170] published their research about starch 

plastification including the use of bio-friendly ionic liquids such as ILs with cholinium 

cation with different low toxicity and/or biocompatible anions e.g. lactate, tricitrate, 

fluorate or salicylate.  

2.1.3.4. Ionic Liquids as Solvents Media  

As described above, ionic liquids are also described as “designer” solvents 

because they can be modified to suit the requirements of a particular chemical 

reaction or process [171]; as they are obtained by the combination of large organic 

cations with a variety of anions resulting in above 1018 different possibilities of ILs. 

Ionic liquids have also gained the popularity as “green” alternatives to volatile organic 

solvents (VOCs) to be applied in electrochemical, synthetic and separation processes 

due to their negligible vapour pressure, nonflammability and recyclability [134,137a]. 

It is worth to mention that ILs are not intrinsically green, however, they can be 
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designed to be green; nonetheless, in comparison to VOCs, they are safer because 

they are not flammable [171].  

As Seddon [69] explained in a review published in 1997, ILs are worthy to use as 

neoteric solvent in, for example, catalysis instead of volatile organic solvents due to 

their following characteristics: they have negligible vapour pressure, they are 

thermally stable with decomposition temperatures above 200 ⁰C, they are able to 

dissolve a wide range of compounds (organic and inorganic compounds or biomass 

such as, cellulose), they have a wide liquid range and often, they can be recycled 

leading to a reduction of the costs of the processes.  

In 1999, Welton [102] published a review showing different synthesis and 

catalytic procedures using ionic liquids as solvents to demonstrate their potential. 

Twelve years later, the same author published the second part of this review discussing 

the extraordinary advances in the understanding of how ionic liquids can affect 

chemical syntheses such as non-stoichiometric chemical reactions or transition-metal-

catalysed reactions [100a]. All over that decade, around 6000 papers were published 

containing the phrase “ionic liquid(s)” in the title, being over the half of these about 

applications in chemical synthesis or catalysis [172,100a]. Currently, the number of 

publications using the same search terms increased to ~ 90000, demonstrating the 

wide scope of ionic liquids in multiple applications [173].  

The dissolution of cellulose in ILs was another significant application using ILs 

as solvents, and the pioneering work was published in 2002 by Swatloski et al. [174] 

After this publication, the exploitation of ILs for the dissolution of biomass became 

one of the most important applications of ILs [175]. Currently, there are almost 2000 

publications with the topic dissolution of cellulose using ionic liquids (searched by 

SciFinder CAS), showing that every year, from 2008, nearly 200 publications about this 

topic are issued demonstrating the importance of the area.  

2.2. Cellulose  

Biomass is the most consumed resource of renewable energy material on the 

earth with a 53 % of consumption, followed by the hydroelectric power with a 31 % 

as reported by the Independent Statistics & Analysis U.S. Energy Information 

Administration in 2012 [176]. One of the major components of biomass is cellulose, 

an available and renewable biopolymer typically combined with lignin and 
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hemicelluloses in the cell wall of upper parts of plants [177]. Cellulose, since was 

discovered by Payen in 1838 [178], has been considered a source of advanced 

materials for the next generation devices; for example, it has been utilised for flexible 

energy storage devices [86], as smart paper [179], paper transistor and in biomimetic 

actuators [180]. 

Cellulose, which is biodegradable, hydrophilic, odourless and water-insoluble, 

consists of a linear carbohydrate polymer of repeating D-glucopyranose monomers 

held together by 1,4-ß-glycose bonds as it can be seen in Figure 2.13. Owing to its 

extensive network of inter- and intramolecular hydrogen bonds and van der Waals 

interactions between cellulose fibres, it is very difficult to dissolve cellulose in common 

solvents. Therefore, the highly stable chemical nature of cellulose presents a big 

challenge for the reuse of this abundant resource and its utilisation in useful 

applications [181,77]. 

 
Figure 2.13 Structure of cellulose, showing the linear nature formed by ß(1→4) linkages and 

intra- and intermolecular hydrogen bonding. Figure adapted from reference [182] 

 

There are several reasons for dissolving cellulose, but most of them are related 

to its reutilisation [183]. Cellulose can be reutilised when regenerated and utilised to 

produce innovative materials in the form of films or fibres [184]; or valuable cellulose 

derivatives [185]; as well as to degrade cellulose more efficiently [186]. 

The conventional method to dissolve cellulose is known as the “Viscose process” 

that entails the chemical functionalisation of hydroxyl residues along the cellulose 

backbone with carbon disulphide to form xanthate esters, greatly to improving the 

solubility [187]. Carbon disulphide is an environmentally harmful solvent and the 

“Viscose process” generates two kilogrammes of this hazardous waste along with 

heavy metals per kilogramme of cellulose obtained [188], so since 1970s novel 
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solvents for cellulose dissolution have been developed such as a LiCl solvent system, 

dimethyl sulfoxide (DMSO)/paraformaldehyde and N-methyl-morpholine-N-oxide 

(NMMO) in the “Lyocell process”. The chemicals used in these processes are not 

harmless as they are often volatile, toxic, expensive and, difficult to recover [181,189].  

In 1934, Graenacher [190] affirmed that molten N-ethylpyridinium chloride 

could be used to dissolve cellulose in the presence of nitrogen-containing bases, but 

the work did not attract enough attention at that time. It was not until 2002 when 

Swatloski et al. [174] published an article about using the ionic liquid 1-butyl-3-

methylimidazolium chloride, [C4mim]Cl, as a solvent for the dissolution of cellulose. 

Since then, an enormous number of publications and patents appeared in this context, 

which demonstrates the huge potential of ionic liquids to dissolve biomass 

[191a,189,191b,191c]. 

A variety of ionic liquid cations are available today that are able to dissolve 

cellulose such as ammonium, pyridinium, imidazolium and phosphonium when paired 

with strongly basic and hydrogen bond accepting anions [192a,192b,137b,192c]. 

Zhang et al. [193] demonstrated that 1-allyl-3-methylimidazolium chloride, 

[Amim]Cl, has a higher capability (14.5 wt % of cellulose at 80 ⁰C) to dissolve cellulose 

than [C4mim]Cl (10.0 wt % of cellulose at 100 ⁰C) due to the allyl group which can form 

H-bonds with the -OH groups of cellulose. Afterwards, Fukaya et al. [194] reported 

that ILs with strong hydrogen bond acceptability such as N,N’-dialkylimidazolium 

formates and 1-methyl-3-ethylimidazolium dimethylphosphate are good candidates 

to dissolve cellulose. In 2010, Xu et al. [182] synthesised some ILs with Brønsted basic 

anions, such as [C1COO]-, [HSC1COO]-, [HCOO]- and [C1C2OHCOO]- and 1-butyl-3-

methylimidazolium as a cation. These authors found that an increment in the number 

of hydrogen bond accepting ability of the anions in the ILs increases the solubility of 

cellulose [195]. Several studies showed that a wide variety of ILs can be used to 

dissolve cellulose but the most commonly used ILs are [C4mim]Cl, [Amim]Cl and 

[C2mim][C1COO] [196,193]. 

There are other compounds known to facilitate the dissolution of cellulose such 

as lithium salts (LiCl, LiNO3 or LiBr); interaction with the hydroxyl oxygen by the Li+ 

disrupts the intermolecular hydrogen bonds in cellulose [197]. Also, it is common to 

use co-solvents, such as dimethylformamide (DMF) or DMSO, that can influence the 
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solubility of cellulose in ILs; the reason for this could be that these solvents facilitate 

the mass transport by decreasing the viscosity of the mixture [196a,198]. 

 Mechanism of Cellulose Dissolution in Ionic Liquids 

Although the mechanism of the dissolution of cellulose in ionic liquids is not yet 

completely clear there are several hypotheses about it [183]. 

It is known that the formation of hydrogen bonds between ILs and cellulose 

hydroxyl groups is the key factor in breaking the inter- and intramolecular hydrogen 

bonds of cellulose as shown in Figure 2.14 [195]. As the dissolution depends on the 

formation of hydrogen bonds, the hydrogen bond basicity of the IL is crucial [181], 

whereby ß (hydrogen bond accepting scale) is an important parameter to quantify 

solvent’s solvation effects by the Kamlet-Taft equation [199]. The values of ß for ionic 

liquids should be higher than 0.8 to dissolve cellulose as it is the case for [C4mim]Cl 

and [Amim]Cl with values of 0.84 and 0.83, respectively [194,189]. 

 
Figure 2.14 Possible mechanism of the dissolution of cellulose using ionic liquids, e.g. the IL 

N,N’-dialkylimidazolium chloride. Adapted from reference [193] 

 

Swatloski et al. [200] using 13C and 35/37Cl NMR relaxation measurements and 

molecular dynamics studies for the IL, [C4mim]Cl, proposed that the strong hydrogen 

bond between chloride anions and the hydroxyl groups of cellulose is the decisive 

factor of dissolution. There are several theories about the influence of the IL cation on 

the dissolution of cellulose, but all of them have in common that the cation should 

have a conjugated group, such as the conjugated ring of the imidazolium cation. It is 

known by molecular dynamic studies that the conjugated ring has close contact with 

sugar rings through van der Waals interactions [201].  

In summary, in order to dissolve cellulose, the IL should satisfy at least two 

features [202]: (i) anions must be good hydrogen bond acceptors, so having high 
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electron density to form hydrogen bonds with cellulose hydroxyl groups, e.g., Cl- or 

[C1COO]- anions and; (ii) cations should be conjugated, moderate hydrogen bond 

donors and preferably be small and polarising, e.g. without long alkyl chains increasing 

the steric hindrance effect. 

 Regeneration of Cellulose 

As already mentioned, the interest of dissolving cellulose stems from the need 

to process it and regenerate it for the fabrication of cellulose fibres or cellulose films 

[203]. Cellulose regeneration is known as the precipitation of cellulose when it is in 

contact with an anti-solvent or a coagulation bath such as water, methanol, 

propanone, etc. [183]. 

The mechanism of the regeneration of cellulose is different depending on the 

solvent used for the previous dissolution of the cellulose. Herein, the focus will be on 

the regeneration of cellulose after using ionic liquids as the solvent. The process 

consists of the exchange of the solvent that is dissolving the cellulose e.g. ionic liquid, 

with an anti-solvent. This exchange leads to a desolvation of the cellulose molecules 

from the ionic liquid and to their reformation of intra- and inter-molecular hydrogen 

bonds, i.e. the interactions between cellulose-IL are broken when an anti-solvent is 

added, following with the restructuring of the cellulose and the dissolution of the ionic 

liquid in the anti-solvent [189,192c]. 

The reconstructed cellulose from ILs shows lower degrees of crystallinity than 

the crystalline cellulose before being dissolved. The crystallinity of the cellulose is 

usually measured using XRD (for example, Zhang et al. [193]) or by FT-IR as shown by 

Zhao et al. [204] in 2009. Both techniques showed that the crystallinity of the 

regenerated cellulose is different depending on the IL used for its dissolution, 

demonstrating that regeneration of the cellulose depends on the choice of the solvent 

for the dissolution of the cellulose. The same case was found for the anti-solvent used 

for the regeneration of the cellulose due to its purpose, that consist of the extraction 

of the ionic liquid used to dissolve the cellulose [205]. 

A recent review published by Aleman et al. [77] shows how the dissolution and 

regeneration of cellulose can be applied in supercapacitors, for example, they stated 

that it can be used as a lightweight mechanical substrate to improve flexibility and 

strength to active materials (carbon nanotubes or conducting polymers); a natural 
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template for the coating of an active material for electrode applications; a separator 

between supercapacitors electrodes and; a material with good wettability, improving 

the adsorption of the electrolyte in the electrode. Therefore, the use of a conducting 

material is needed if the cellulose is chosen as part of an electrode. The conducting 

materials chosen in this PhD were the electronically conducting polymers. 

2.3. Electronically Conducting Polymers 

As it was introduced in section 1.5.1.3, ECPs are organic polymers that exhibit 

electrical, magnetic and optical properties usually associated with metals, whilst also 

retaining many advantageous mechanical properties of a polymer. 

ECPs are classified as ‘smart materials’ due to their inherent property to accept 

a counter ion for charge balance when oxidised/reduced and to expel the counter ion 

when reduced/oxidised through their conjugated bond system along the polymer 

backbone. They are generally synthesised through chemical oxidation or 

electrochemical oxidation of the monomer [64]. 

Polypyrrole is one of the most promising ECPs for the fabrication of 

pseudocapacitors (or electrochemical supercapacitors) as part of the electrodes due 

to its unique features such as high conductivity, good thermal stability, low cost, fast 

charge-discharge mechanism and high energy density [65]. It is one of the most 

studied electronically conducting polymers for energy storage devices [64].  

 Polypyrrole 

Polypyrrole (PPy) is an electronically conducting polymer with a polyheterocycle 

structure that possesses a high nitrogen content as shown above, in Table 1.1. PPy 

holds a unique position due to its high electrical conductivity [206], low environmental 

toxicity and biocompatibility [58] and, at the same time, being a relatively stable and 

a low-cost material in comparison with metal oxides [207]. 

The electronically conducting polymer, polypyrrole, can be synthesised 

electrochemically or chemically. Diaz et al. [51] reported for the first time the 

electrochemical polymerisation of pyrrole as mentioned in section 1.5.1.3.1. The use 

of ILs as solvent for the electrochemical synthesis of pyrrole was first developed in 

1984 by Pickup and Osteryoung [208] but, it was not until 2002 when Sekigushi et al. 

[209] reported an electropolymerisation of pyrrole in the air stable ionic liquid, 
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[C2mim][NTf2], showing the electrochemical capacity improvements that the 

polypyrrole films obtained can have in comparison to the films obtained using 

conventional solvent systems. The first example of chemical polymerisation of pyrrole 

was published in 1916 by Angeli and Alessandri [210] where the authors described a 

method to obtain polypyrrole as a black powder, named “pyrrole black” using 

hydrogen peroxide and acetic acid as oxidant and solvent, respectively. Other 

oxidising agents can also be used, for example, nitrous acid, lead dioxide, ferric 

chloride, quinones and ozone [211]. The mechanism to obtain polypyrrole by chemical 

polymerisation is controversial, but the most accepted mechanism involves the 

coupling between radical cations as shown in Figure 2.15 [212]. 

 
Figure 2.15 Polypyrrole chemical polymerisation mechanism [54] 

 

Pyrrole chemical oxidation in ionic liquids was first reported by Pringle et al. [56] 

in 2006. The authors synthesised different ECPs using the IL, [C2mim][NTf2], as the 

solvent in combination with a range of oxidants. They concluded that ILs are an 

excellent new solvent media for the synthesis of ECPs nanoparticles, due to their 

chemical stability that makes the ILs very stable when the oxidation of the monomer 

is carried out.  

Electronically conducting polymers, for example, polypyrrole, have a poor 

processability because they are intractable, insoluble and non-thermoformable, 
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making them not suitable for their application in many fields, for example, when 

flexible materials are needed [65]. Therefore, different methods were developed in 

order to improve their properties such as polypyrrole grafting over another material 

[213] or the mixture, via chemical synthesis, of polypyrrole with another polymer with 

better mechanical properties giving, as a result, a polypyrrole-polymer composite 

(e.g., polypyrrole-cellulose composites) [214]. 

2.4. Composite Materials  

According to IUPAC, a composite material is “a multicomponent material 

comprising multiple, different (non-gaseous) phase domains in which at least one type 

or phase domain is a continues phase” [43]. 

There are different types of composites for multiple applications, for example, 

electronically conducting polymer-polymer composite [215], polymer-carbon 

composite [216], polymer-cellulose composite [217], polymer-metal oxides composite 

[218] etc. Composites materials suitable for electrodes in electrochemical devices will 

be the topic reviewed herein.  

Electronically conducting polymer-polymer composites materials were 

developed due to the poor processability and stability of ECPs and, the need for 

improving the mechanical properties as it was discussed in sections 1.5.1.3. and 2.3. 

For example, in 1983, three electrically conductive thermoplastic 

elastomer/polyacetylene composites were fabricated by Lee and Jopson [219] using 

blending techniques such as acetylene gas polymerised over a thermoplastic 

elastomer film. 

Ojio and Miyata [220], in 1986, published an article in which an electronically 

conducting polymer-polymer composite consisting of polypyrrole and a polymeric 

matrix (poly(vinyl alcohol)) was developed. The method consisted of exposing the 

polymeric matrix film containing ferric chloride to pyrrole vapour resulting in 

transparent composite films.  

The first article on the use of cellulose in composites for their application in 

flexible energy storage devices was published in 2007 by Pushparaj et al. [86]. The 

authors fabricated a nanocomposite paper composed of embedded carbon 

nanotubes in cellulose and the ionic liquid, [C4mim]Cl. Since then, paper or cellulose 

were used as a new component for flexible supercapacitors due to the advantages 
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that stemmed from the use of the cellulose matrix such as its biodegradability and 

recyclability [221]. 

A lightweight, ultrathin and flexible graphene-based supercapacitor was 

reported in 2013 by He et al. [222]. The flexible electrode consisted of a three-

dimensional graphene- MnO2 composite; the synthesis method consisted of an 

electrochemical deposition of MnO2 materials on 3D graphene networks resulting in 

a free-standing composite that was applied as an electrode in a FSC with a specific 

capacitance retention of 93 % for 500 cycles. 

Fabrication of composites can overcome the drawbacks from individual 

substances and combine all the advantages of the composite components e.g. 

enhancing the specific surface area, inducing porosity, protecting active materials 

from mechanical degradation and improving cycle life stability [39]. 

2.5. Flexible Supercapacitors 

As it was introduced in section 1.7.1, the development of supercapacitors has 

become an important task due to their advantageous characteristics of high power 

density, long cycle life and high efficiency [223,22c] while able to perform under 

deformation conditions. Flexible supercapacitors for future applications (e.g., wearable 

electronics such as implantable medical devices) have their own specific requirements, 

such as small dimensions, flexibility, stretchability, lightweight and biocompatibility 

[13].  

The first article published about the fabrication of flexible electrodes and their 

application in electrochemical capacitors was in 2006 by Sugimoto et al. [224]. This 

article described the fabrication of a thin, flexible and transparent film electrode 

composed by ruthenic acid nanosheets prepared by electrophoretic deposition over 

ITO-coated poly(ethylene terephthalate).  

Conventional supercapacitors based on flexible or rigid materials that are folded 

or rolled into a rectangular or cylindrical shape which is stacked in a rectangular or 

cylindrical rigid container can be found in the industrial market. Although these 

materials are folded and assembled, they do not perform when they are physically 

bent as a device [222]. Therefore, the fabrication and testing of novel flexible 

supercapacitors using flexible materials as electrodes started to be the new objective 

for researchers.  



Chapter 2: Literature Review 

46 

 

In section 1.7.1 the device configuration of flexible supercapacitors was 

explained. As expected, the electrode materials have a significant influence on the 

performance of flexible supercapacitors making them an indispensable component of 

the devices. These electrodes should have not only good electrochemical properties 

but also, high mechanical flexibility upon folding or bending, compact design and 

lightweight properties [225]. 

 Flexible Electrodes  

The most common materials used as flexible electrodes in a flexible 

supercapacitor are the following: carbon-based (activated carbon, graphene and 

carbon nanotubes) [226], transition metal oxides-based (ruthenium, copper, nickel 

cobalt and manganese) [46], conducting polymer-based (polypyrrole and polyaniline) 

[65] or composites such as paper-based electrodes [227].  

2.5.1.1. Carbon-based Flexible Electrodes 

Carbon materials can have different functions inside a flexible supercapacitor 

such as acting as a conductive path for electron transport due to their good electrical 

conductivity or supplying a good flexible matrix because of their good mechanical 

properties. They can contribute to a high capacitance of the composites electrodes 

providing multiple pathways of ion transport for full electrolyte accessibility due to 

their porous structure [226]. Up to the present time, carbon-based flexible electrodes 

are being developed continuously due to the variety of available carbon materials 

including, activated carbon [87], carbon nanotubes [228], graphene [223] or templated 

carbon such as carbon cloth [229].  

The most common method for the fabrication of carbon-based electrodes is the 

coating method that consists of coating the carbon materials onto any flexible 

template/substrate [87,230].  

Graphene, as well as carbon nanotubes, is the material with more potential for 

flexible energy storage devices, as demonstrated, for example, by Yoo et al. [231] who 

fabricated an ultrathin flexible supercapacitor using multilayer graphene with a 

specific capacitance of 394 µF cm-2. 

In some cases, a final step is needed in order to obtain the required flexible 

electrodes. This consists of the functionalisation of the carbon material with other 



Chapter 2: Literature Review 

47 

 

compounds such as transition metal oxides or electronically conducting polymers. For 

example, Jiang et al. [232] functionalised cotton textile with carbon nanotubes and 

subsequently, hierarchical MnO2 nanoflakes were coated electrochemically to obtain 

flexible supercapacitors with a specific capacitance of 247 F g-1 at a specific current of 

1 A g-1. 

2.5.1.2. Transition Metal Oxides-based Flexible Electrodes 

Metal oxides are considered suitable materials for supercapacitors because they 

can provide higher energy density than carbon materials. They have two different 

ways of storing charge. Like the carbon materials, metal oxides can store the charge 

electrostatically and also, they are capable to store charge through electrochemical 

Faradaic reactions at the electrode surface. The most studied metal oxides in 

supercapacitors are RuOx, albeit it is a very expensive and rare oxide and MnOx which 

is cheaper, more abundant and has a low toxicity [46].  

Metal oxides have been incorporated into flexible supercapacitors as part of 

flexible composites used as electrodes. For example, the combination of titanium 

oxide and multiwalled carbon nanotubes using a chemical method was published by 

Amitha et al. [233] in 2009; and in 2010, Chen et al. [234] reported the fabrication and 

characterisation of flexible asymmetric supercapacitors using flexible thin-film 

composite electrodes made of manganese oxide and indium oxide nanowires 

together with single-walled carbon nanotubes. Although these and other articles have 

dealt with the use of metal oxides as the main component of flexible composite 

electrodes, these are still associated with challenges on cost-effectiveness [46].  

2.5.1.3. Electronically Conducting Polymers-based Flexible Electrodes 

Electronically conducting polymers can improve the performance of a 

supercapacitor as they undertake a redox reaction to store charge in the bulk of the 

electrode and thereby increase the energy stored and reduce self-discharge. ECPs are 

very attractive due to their low cost in comparison to the metal oxides, intrinsic 

flexibility and high charge density, resulting in supercapacitors with low equivalent 

series resistance and high energy and power. The main drawback of ECPs is their low 

cycle life compared to those based on carbon, which is due to the volume change of 

the ECPs induced by the doping and de-doping in the conducting polymer electrode. 
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This does not happen in the carbon-based electrodes which involve only simple ion 

sorption and desorption [64]. The volume change is known also as the 

electromechanical action when the redox state changes, and it can be related to the 

intrinsic change in the bond lengths and conformation of the polymer backbone and 

the osmotic expansion of the polymer phase [235].  

The most used method to obtain conducting polymer-based electrodes is by 

the electropolymerisation technique; for example, Horng et al. [236] in 2010 were the 

first to demonstrate the use of this technique using polyaniline nanowires on carbon 

cloth to fabricate a flexible supercapacitor with high capacitance and a cycle life of 

2100 cycles.  

Nowadays, conducting polymer-based flexible electrodes are composed of 

other components apart from the ECPs to improve flexibility. The procedures used for 

the fabrication of these composites are chemical polymerisation of the monomer 

using a template that becomes the other component of the electrodes, or coating or 

depositing the polymer already synthesised over other conducting materials such as 

carbon cloth. For example, Zhu et al. [237] in 2012 published a method to deposit 

polyaniline onto vertically aligned carbon nanotubes for preparing supercapacitors 

with high capacitance. Later, Zhang et al. [238] fabricated a flexible composite 

membrane composed of polypyrrole nanowires and reduced graphene oxide via in 

situ reductions of the graphene oxide in the presence of polypyrrole nanowires. 

Recently, Peng et al. [239] published the fabrication and electrochemical 

characterisation of a flexible composite electrode composed of polypyrrole, copper 

sulphide and bacterial cellulose nanofibrous material with good characteristics as 

flexible supercapacitor electrodes. Their method consisted of the deposition of 

polypyrrole and copper sulphide on commercial bacterial cellulose membranes to 

obtain nanofibrous composite electrodes of PPy/CuS/BC.  

2.5.1.4. Paper-based Flexible Electrodes 

As it was described in section 2.4, paper-based or cellulose-based flexible 

electrodes for energy storage devices were first introduced in 2007 by Pushparaj et al. 

[86], who presented a flexible energy storage device based on nanocomposite paper, 

more specifically, the electrodes comprised the IL [C4mim]Cl and multiwalled 

nanotubes embedded inside cellulose paper. Nevertheless, it was not until 2011 when 
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most of the interest in this field started i.e. after Nyholm et al. [240] published a 

progress report about the development of different paper-based flexible energy 

storage devices composed of electronically conducting polymers. The authors 

focused on the advantages and disadvantages of using ECPs and cellulose-based 

electrodes in flexible energy devices such as supercapacitors and batteries. For 

example, the use of ECPs in a composite improved the cycle life and rate performances 

compared to devices based on ECPs alone. The power delivery also improved 

significantly due to the ability to control the thickness and morphology of the ECPs’ 

layers. However, additional work is still needed for understanding the overoxidation 

of ECPs, and an improvement in the devices’ designs is needed for new applications 

where flexibility while retaining good energy device performance is required.  

Paper-based flexible supercapacitors are based on conducting materials within 

a cellulose matrix. Cellulose can form strong inter- and intra-molecular hydrogen 

bonds, making it perfect structurally as a matrix or template material, in conjunction 

with conducting materials such as carbon nanotubes, graphene and conducting 

polymers such as polypyrrole [241,184b]. Additionally, cellulose networks can also 

provide pathways for ion transport [242,221b]. All these characteristics and the fact 

that cellulose is the most abundant biopolymer on the earth, makes it a good 

candidate for its use in paper-based flexible supercapacitors with low cost while being 

sustainable and eco-friendly energy storage devices.  

In 2011, Weng et al. [243] reported a simple and scalable method to fabricate 

graphene-cellulose paper membranes which exhibited great advantages as flexible 

electrodes for flexible supercapacitors. Their method consisted of filtering a 

suspension of graphene nanosheets through a filter paper sheet; the graphene 

nanosheets were attached, by electrostatic interaction, to the cellulose fibres in the 

filter paper, resulting in a graphene-cellulose paper flexible electrode. The stability of 

the graphene-cellulose paper was confirmed by SEM after peeling off a part of the 

film. 

A review published by Zhang et al. [221b] in 2015 summarised all the methods 

used, up to then, to fabricate paper-based flexible electrodes for flexible electronics 

such as pencil drawing [244], chemical and physical deposition [245], dip coating and 



Chapter 2: Literature Review 

50 

 

(vacuum) filtration [246], printing [247], paper-making technique [248] or molecular 

mixing [184b]. 
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The need for flexible, ultrathin and biocompatible electronic materials for 

energy storage devices such as supercapacitors or medical implant applications 

including electrochemical targeted drug delivery and biosensing has dramatically 

increased over the last decade [249]. Electronically conducting polymers (ECPs) have 

been identified to be one of the ideal candidates as functional electrode materials for 

such applications because of their electrical and optical properties that are usually 

associated with metals, whilst retaining many of the beneficial mechanical properties 

of organic polymers [31,48]. They are often described as ‘synthetic metals/smart 

materials’ due to their inherent property of accepting a counter ion for charge balance 

when oxidised and expelling the counter ion when reduced and they can be used for 

the drug loading and release mechanism in controlled release applications [47]. Even 

though these materials are promising candidates for such biomedical purposes, there 

are a few disadvantages associated to ECPs; they are intractable, insoluble and not 

thermoformable which restrict their usage in practical applications. Alternatively, ECPs 

can be made flexible by grafting them on flexible materials like paper [250], fabric 

[251] etc. and also by modifying carbon electrodes using ECPs [252]. However, the 

grafted polymers suffer from poor adherence to the surface of their host materials 

and inhomogeneity leading to non-uniform surfaces. Therefore, they may not be 

suitable for sustainable flexible electronic device applications. 

In this chapter, a method to fabricate chemically blended electronically 

conducting polymer–biopolymer-ionic liquid composites that are intrinsically flexible 

for functional electrode applications is presented. The electronically conducting 

polymer chosen was polypyrrole and as biopolymer, cellulose was selected. 

Polypyrrole was polymerised in situ after the cellulose dissolution process using the IL 

1-butyl-3-methylimidazolium chloride, [C4mim]Cl, as the solvent medium. The 

obtained polypyrrole–cellulose composite was chemically linked and showed flexible 

polymer properties while retaining the electronic properties of an ECP. The addition 

of a hydrophobic ionic liquid such as trihexyl(tetradecyl)phosphonium 

bis{(trifluoromethyl)sulfonyl}amide, enhanced the flexibility of the composites. This 

strategy opens up a new design for a wide spectrum of materials for smart electronic 

device applications wherein the functionality of doping and de-doping of 
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electronically conducting polymers is retained and their processability issue is 

addressed by exploiting the ionic liquid technology [253]. 

3.1. Materials and Instruments 

Starting materials used in this chapter are shown in Appendix A.1 and the 

instrumental techniques used are described in Appendix A.2. The synthesis and 

characterisation of the following ILs: 1-butyl-3-methylimidazolium chloride [C4mim]Cl, 

1-butyl-3-methylimidazolium ethanoate [C4mim][C1COO] and 

trihexyl(tetradecyl)phosphonium bis{(trifluoromethyl)sulfonyl}amide [P6 6 6 14][NTf2] 

are reported in Appendix C.  

3.2. Dissolution and Regeneration of Cellulose Using Ionic Liquids 

The objective of this chapter consists of the development of electronically 

conducting polymer-biopolymer-based composite electrodes; therefore, the first step 

was related to the understanding of the biopolymer processing method. The 

dissolution of the biopolymer was carried out using ionic liquid technology to obtain 

biopolymer-based films necessary for the next step, which involved the addition of an 

electronically conducting polymer. The biopolymer chosen was cellulose because is a 

renewable, sustainable, cheap and scalable material that can originate flexible and 

lightweight energy devices as it was explained in section 2.2 [77]. 

 Methodology to Obtain Cellulose Films 

The first stage consisted of selecting the best ionic liquid for the dissolution of 

cellulose. The ionic liquids chosen were [C4mim]Cl, [C2mim]Cl, [C4mim][C1COO] and 

[C2mim][C1COO]. These ILs were chosen as solvents because they are the most 

commonly used in the literature for the dissolution of cellulose due to their anions 

ability to form hydrogen bonds as it was explained in section 2.2 [254]. 

The ionic liquids [C4mim][C1COO] and [C2mim][C1COO] were dried under high 

vacuum at 50 ºC and, [C4mim]Cl and [C2mim]Cl ILs were dried at 75 ± 2 ºC for 24 hours 

previous to their use, in order to remove water and volatile impurities; the purity of 

the ionic liquids was checked by 1H and 13C NMR spectroscopies, TGA and DSC (see 

“Synthesis and characterisation of ILs” in Appendix C). After drying, the ILs were 

weighed, powder cellulose (10 wt % of the IL weight) was then added over the ILs, and 

the mixtures stirred and heated at 100 ± 2 ºC for 3 hours as reported by Swatloski et 
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al. in 2002 [174]. In the case of [C4mim]Cl and [C2mim]Cl, the ILs were melted at 

70 ± 2 ºC and 80 ± 2 ºC, respectively, prior to the addition of the cellulose. The 

dissolution of cellulose in the ILs was carried out under a nitrogen flow using a Schlenk 

line, to minimise the contact with water because, as it has been reported, the water 

decreases the solubility of cellulose in ILs [255]. Previously, the dissolution of the 

cellulose in the same ionic liquids was carried out inside a glovebox, however, the 

same results were obtained than using the nitrogen flow in a fume hood. Therefore, 

it was decided that the dissolution of the cellulose would be developed outside the 

glovebox to facilitate the posterior sample treatment.  

Table 3.1 Ionic liquids used, the quantity of powder cellulose experimentally used, the 

procedure and the dissolution results, as well as the anti-solvent used for the regeneration of 

the cellulose 

Ionic liquids 
Powder 

cellulose / wt % 

Dissolution 

conditions 
Mixture aspect 

Regeneration: 

anti-solvent 

[C4mim]Cl 10.1 
100 ± 2 ºC 

for 3 hours 

Viscous and 

colourless 

Deionised 

water 

[C2mim]Cl 9.7 
Semi-solid and 

colourless 

[C4mim][C1COO] 10.2 
100 ± 2 ºC 

for 2 hours 

Slightly viscous 

and light yellow 

[C2mim][C1COO] 10.5 
Slightly viscous 

and light yellow 

 

Table 3.1 shows the ionic liquids used for dissolving ~ 10 wt % of powder 

cellulose at the same temperature (100 ± 2 ºC) for comparison reasons, and the 

aspects of the mixture obtained after the dissolution. In terms of colour, the mixtures 

from the ILs with Cl- anion were colourless, in contrast to the mixtures from the ILs 

with [C1COO]- anions that were slightly yellow as Figure 3.1 (a) and (b) show. 

Even though the ILs containing [C1COO]- as anion showed a faster dissolution 

of cellulose and the solutions obtained were much less viscous than with the chloride-

containing ILs, the chloride ILs were preferred due to possible undesirable reactions 

of the cation in [C4mim][C1COO] and [C2mim][C1COO] with cellulose. I.e., in 2015, 

Clough et al. [181] reported decomposition pathways of cellulose and other 

carbohydrates when they were dissolved in carboxylate ILs, due to the reaction of the 

C2 carbon of the imidazolium ring with the sugar part of the carbohydrates.  
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After dissolving the powder cellulose in the IL, the regeneration of cellulose 

was carried out; the mixtures were cast in a petri-dish and they were immersed into 

the anti-solvent (re-precipitating solvent), distilled water. The anti-solvent has two 

interrelated rôles, one is to dissolve the IL used for the dissolution of the cellulose and 

the other is to precipitate the cellulose as explained in section 2.2.2. A film was formed 

in the anti-solvent after five minutes and, in 2 hours, the film was peeled off from the 

petri-dish and the anti-solvent was removed and stored. The cellulosepowder films 

obtained were dried at room temperature for 24 hours.  

 
Figure 3.1 a) Cellulose-IL solvent mixtures cast in a petri-dish, b) cellulose-IL solvent mixtures 

after 5 minutes in water (anti-solvent), c) four fresh cellulosepowder films obtained from each 

IL dissolution (from left to right, films obtained from the ILs: [C4mim]Cl, [C2mim]Cl, 

[C4mim][C1COO] and [C2mim][C1COO]) and d) cellulosepowder films after 24 hours drying 

 

Figure 3.1 (a, b) shows the wet films before and after the regeneration process 

and Figure 3.1 (c) shows the regenerated films obtained. As shown in the first two 

pictures, on the left, the films obtained using the chloride-based ILs for the cellulose 

dissolution were colourless, whereas off-white cellulose films resulted when using the 

carboxylate-ILs (shown in the two pictures on the right). These four cellulosepowder 

films were dried at room temperature for 24 hours and, as it can be seen in Figure 3.1 

(d) all of them suffered shrinkage during the drying process, although this was less 

significant for the films obtained using the chloride-ILs. It is worth to mention that at 
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this early stage, there was no control for casting the cellulosepowder films; the 

method consisted of pouring the mixture on a petri-dish using a spatula, resulting in 

films with different shape and thickness (Figure 3.1 (d)). 

In summary, from this initial study, [C2mim]Cl and [C4mim]Cl were selected as 

convenient IL solvents due to their ability to dissolve the cellulose and because the 

regenerated cellulosepowder films obtained experienced less shrinkage after drying 

than the films using the [C1COO]- containing ILs. It has been reported in the literature 

[256,193] that chloride-containing ionic liquids are effective solvents for cellulose 

because hydrogen bonds form between the non-hydrated chloride ions of the IL and 

the sugar hydroxyl protons. These interactions disrupt the hydrogen bonding network 

of the cellulose polymer and lead to its dissolution, as it was explained in section 2.2.1 

and showed in Figure 2.14 [174]. Of the two chloride ILs used, [C4mim]Cl was 

ultimately chosen for further studies due to its lower melting point (65 ⁰C) in 

comparison to [C2mim]Cl (87 ⁰C) [257]; [C4mim]Cl was easier to melt and this 

facilitated the addition and mixture of cellulose. 

Additionally, a study of two different cellulose types: powder cellulose (fine 

powder) and fibrous cellulose (fibers aspect) from Sigma-Aldrich was developed to 

find the most suitable cellulose for the films as it is displayed in Table 3.2. After 

dissolving the two different types of cellulose in the IL, the regeneration was carried 

out as it will be explained in page 57. The regenerated cellulosepowder films and 

cellulosefibrous films obtained were dried at room temperature for 24 hours.  

Table 3.2 Dissolution conditions and regeneration process for two types of cellulose (powder 

and fibrous) dissolved in the IL [C4mim]Cl 

Ionic liquid Cellulose type  Dissolution conditions 
Regeneration: 

anti-solvent 

[C4mim]Cl 
11 wt % powder cellulose 100 ± 2 ºC for 3 hours 

Deionised water 
13 wt % fibrous cellulose 100 ± 2 ºC for 2 hours 

 

During the dissolution of both types of cellulose, it was observed that the 

fibrous cellulose dissolved faster than the powder cellulose, i.e., the fibrous cellulose 

could not be detected in the mixture after stirring for 2 hours at 100 ºC, whereas 3 

hours were needed for the dissolution of powder cellulose at the same temperature. 

Henceforth, the fibrous cellulose it was the cellulose type chosen to prepare the films. 
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The ionic liquid [C4mim][Cl], and the fibrous cellulose were therefore selected 

as the solvent and the biopolymer, respectively, to follow-up with the development of 

the flexible electronic composite electrodes. 

In addition, in order to improve the film-making process, a coating machine 

was used to cast the films (Figure 3.2). In particular, a control coater (model K control 

101 from RK Printcoat Instruments) was used to cast wet films with a thickness of 

~ 100 µm between two proofing papers at room temperature (glossy paper that 

cannot interfere with the films was used, as there is no abrasion effect from the 

smooth paper surface due to its hydrophobic additive). This automatic machine uses 

standard wire wound bars to produce a uniform and repeatable coating [258]. The 

wire wound bar used was number 8 (wire diameter 1.27 mm).  

 
Figure 3.2 Coating machine used for casting the films 

 

After casting the wet film between the proofing papers, the wet film together 

with the papers was immersed into the anti-solvent bath to regenerate the cellulose 

(re-precipitation process of the cellulose). When the regeneration was completed, 

both papers could be peeled off and a free-standing film was obtained as it can be 

seen in Figure 3.3 (a). After 24 hours air drying at room temperature the film obtained 
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(Figure 3.3 (b)) was reduced in size almost 4 cm and its thickness was ~ 200 µm. It is 

likely that the shrinkage increased the thickness of the cellulosefibrous film. 

In conclusion, the use of the coating machine facilitates the casting of the films 

and provides control in the size and thickness of the free-standing films cast. 

 
Figure 3.3 a) Wet cellulosefibrous film cast using the coating machine and b) the same 

cellulosefibrous film after 24 hours drying  

 

 Characterisation of the Cellulosefibrous Films  

The solid-state characterisation of the obtained cellulosefibrous film was carried 

out using a Fourier transform infrared (FTIR) spectrometer equipped with an 

attenuated total reflectance (ATR) accessory and, as well as by using a Raman 

spectrometer. The thermal analysis was carried out using a thermogravimetric 

analyser (TGA) and the morphology and elemental composition were analysed by 

scanning electronic microscopy (SEM) and energy dispersive X-Ray (EDX).  

Figure 3.4 shows the infrared spectra of fibrous cellulose (starting material), IL 

solvent ([C4mim]Cl), cellulosefibrous-[C4mim]Cl mixture and the regenerated 

cellulosefibrous film obtained. From these, the main peaks from the cellulose and from 

[C4mim]Cl can be identified and compared to those of the cellulose-IL mixture and 

the regenerated film. The infrared spectrum of the cellulose-[C4mim]Cl mixture was 

recorded after 2 hours stirring at 100 ⁰C, and the cellulosefibrous film was obtained 

using water as anti-solvent.  
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Figure 3.4 Stacked infrared spectra of fibrous cellulose (red), [C4mim]Cl (purple), 

cellulosefibrous-[C4mim]Cl mixture (blue) and the regenerated cellulosefibrous film (black) 

 

The peaks assignment from the spectra (Figure 3.4) is shown in Table 3.3 [259]. 

It is interesting to note that in the regenerated cellulosefibrous film (black), the peaks 

corresponding to [C4mim]Cl (3129, 3056, 1556, 1486, 1170 and 735 cm-1) are not 

present, indicating that no IL solvent remained in the cellulosefibrous film [260]; this 

will be further corroborated by EDX analysis. The spectrum of fibrous cellulose shows 

some differences with the regenerated cellulosefibrous film, reflecting a change in the 

cellulose after the re-precipitation, from cellulose I (crystalline cellulose) to cellulose II 

(amorphous cellulose). For example, the peak corresponding to the cellulose 

asymmetric in phase-ring stretching at 897 cm-1 is sharper in the regenerated cellulose 

than in the fibrous cellulose and, the peak assigned to the cellulose CH2 symmetric 

bending at 1427 cm-1 is weakened in the regenerated cellulose. The peak around 897 

cm-1 corresponds to amorphous cellulose and, in contrast, the 1427 cm-1 peak is 

related to the crystalline form [176b]. Therefore, it can be said that during the 

regeneration process there is a transformation from cellulose I to cellulose II. 
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Table 3.3 Infrared peak assignments of the fibrous cellulose (starting material), [C4mim]Cl, 

cellulose-[C4mim]Cl mixture and the cellulosefibrous film obtained 

Fibrous 

cellulose/ cm-

1 

[C4mim]Cl/ 

cm-1 

Mixture 

cellulose-

[C4mim]Cl/ 

cm-1 

Cellulosefibrous 

film / cm-1 
Bonds 

3336,3293  3387 3346 OH stretching 

 3129 3150  

Asymmetric/Symmetric 

stretching C-H 

imidazolium ring 

 3056, 2975 3070, 2982  
Asymmetric stretching 

CH2 

2889 2917, 2867 2935, 2870 2919, 2853 

Asymmetric and 

symmetric C-H 

stretching  

 1556 1573  C=C stretching  

 1486 1458  C-N stretching 

1428   1427 
CH2 symmetric 

bending  

1361   1356 C-H bending 

1326   1325 Ring stretching 

 1170 1166  -C-C-N stretching 

1045 1016 1020 1011 

C-OH, C-C, C-H ring 

and side group 

vibrations (cellulose) 

892   897 

Asymmetric in phase-

ring stretching 

(cellulose) 

 735 756  
Out-of-plane C-H 

imidazolium ring 

 

Both Raman and infrared spectroscopies can be used for the characterisation 

of cellulose because all its vibrational modes are potentially active in both techniques. 

Raman spectroscopy has the advantage that the water does not interfere with the 

cellulose spectra because the water has weak Raman bands [261]. The Raman spectra 

of the fibrous cellulose (starting commercial material) and the cellulosefibrous film are 

shown in Figure 3.5. Fibrous cellulose well-defined peaks are fairly typical of the 

spectrum of cellulose with relatively high crystallinity [262]. In the case of the 

cellulosefibrous film, the broader Raman peaks indicate that the cellulose crystallinity 

is lost after dissolving it and regenerating it as a film, in agreement with that observed 

by IR spectroscopy. 
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Figure 3.5 Raman spectra of fibrous cellulose (red) and regenerated cellulosefibrous film 

(black). Spectra normalised and re-plotted using Spectrogryph 

 

Table 3.4 Raman shift assignment of fibrous cellulose (starting material) and the 

cellulosefibrous film obtained 

Fibrous cellulose / 

cm-1 

Cellulosefibrous           

film / cm-1 
Bonds 

1735 1799 C-C bending 

1452 - C-O and C-C-O stretching (CH2OH part) 

1380 1372 H-C-C and C-O-H bending (CH2OH part) 

975 
906 H-C-C and C-O-H bending (CH2OH part) 

915 

812 812 
Out-of-plane bending vibrations of hydrogen-

bonded OH groups 

608 - C-C-C of ring and glycoside bond 

488 492 C-O bending  

376  C-C-C vibrations of glucose rings 

 

Table 3.4 shows the Raman peak assignments of the fibrous cellulose and 

cellulosefibrous film, which have been done by comparison with available literature 

data [263,261]. The most significant change that supports the loss of crystallinity in 

the cellulose (after dissolved it in the IL and then regenerated it) can be found in the 

Raman signals at 1452 and 1380 cm-1, that correspond to methylene stretching and 

bending modes of two CH2OH groups stereochemically non-equivalents of the 

crystalline cellulose, and which merge into one much broader peak around 1400 cm-

1 (i.e., 1372 cm-1) in the case of amorphous cellulose [263b,263d,261].  
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The thermal stability of the cellulosefibrous film obtained was studied using a 

thermogravimetric analyser (TGA) which measures the changes in the physical and 

chemical properties of the material as a function of loss of mass while the temperature 

increases gradually. TGA gives the decomposition temperature or onset temperature 

(Ton) of the samples [264].  

Figure 3.6 shows the thermogram of the fibrous cellulose (starting commercial 

material) with a decomposition temperature of 316 ⁰C and the cellulosefibrous film 

which is thermally stable until 239 ⁰C, being both values comparable to those in the 

literature [174]. In the case of the cellulosefibrous film, a slow mass loss (6.00 wt %) 

was observed around 125 ⁰C which may be attributed to the loss of intermolecularly 

bonded water molecules.  

 
Figure 3.6 Thermogram of fibrous cellulose (red) and cellulosefibrous film (black) 

 

The topography and morphology of the materials were studied using scanning 

electron microscopy (SEM) attached with energy dispersive X-ray (EDX) spectrometer 

and an Everhart-Thornley detector (ETD). The films were sputtered with gold prior to 

the examination due to the non-conductive polymeric matrix (cellulose) and to avoid 

the charging effect during measurement because of the surface accumulation of 

electrostatic negative charges from the electron beam of the SEM. The sputter coating 

for SEM is the process of applying a thin coating of an electrically conducting metal 
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such as gold (Au) to earth down the accumulated charge and provide a clear image 

of the surface. 

 
Figure 3.7 a) SEM picture of cellulosefibrous film and b) EDX spectra of cellulosefibrous film 

(presence of Au from sputtering) 

 

The SEM image of the cellulosefibrous film, provided in Figure 3.7 (a), had a 

smooth morphology with no electronically conducting regions, as indicated by the 

absence of bright regions on the SEM image. Moreover, longer exposures (> 30 s) 

caused the film to break under the electron beam which is expected when the thin 

paper film is heated by the beam current. Elemental analysis using EDX confirmed the 

presence of the elements carbon and oxygen that constituted the cellulosefibrous 

film. The absence of chlorine and nitrogen in the film indicates that any residual 

[C4mim]Cl remaining in the composite film was below the detection limit of EDX 

analysis e.g. 1 wt %. 



Chapter 3: Development and Characterisation of Flexible Composite Electrodes 

64 

 

3.3. Addition of Ionic Liquids as Plasticisers  

Ionic liquids can be applied as plasticisers as it was explained in section 2.1.3.3. 

The addition of a plasticiser is needed to improve the flexibility of the polymer 

composites. The decision was to use a hydrophobic ionic liquid as plasticiser to 

prevent its dissolution when the regeneration of the cellulose in water is carrying out. 

The ILs chosen were phosphonium based ILs, specifically with the cation [P6 6 6 14]
+, 

because their chemical structures, with long alkyl chains, are similar to the 

conventional plasticiser structures (e.g., phthalates), which also have apolar and polar 

elements [265]. Other advantaged include their commercial availability and relative 

cheapness [266], high chemical and thermal stability [267], and low toxicity in 

comparison to the phthalates plasticisers that are potentially toxic [265].  

 Methodology to Obtain Cellulosefibrous Films Containing IL plasticisers 

The first IL tested was trihexyl(tetradecyl)phosphonium chloride, [P6 6 6 14]Cl (PCl), 

but the use of chloride was avoided in further work to construct electrodes. Chloride 

ILs are also often moisture sensitive and corrosive [141]. Therefore, the use of 

trihexyl(tetradecyl)phosphonium bis{(trifluoromethyl)sulfonyl}amide, [P6 6 6 14][NTf2] 

(PNTf2), as the plasticiser was proposed as a better option due to its higher thermal 

stability, hydrophobicity and ionic conductivity, as well as lower viscosity, compared 

to [P6 6 6 14]Cl. Results with both ILs are presented below [143a,268]. 

For the addition of the IL plasticiser, the cellulose fibrous-[C4mim]Cl mixture, 

previously prepared (see section 3.2.1), was set at 90 ⁰C and the IL plasticiser was 

added and stirred until a homogeneous mixture was obtained. When the IL plasticiser 

was added to the colourless mixture and stirred, the solution turned white and the 

colour did not change after the regeneration of the cellulose. The free-standing films 

obtained were also white as it can be seen in Figure 3.8.  

After trying different quantities of IL plasticiser (5, 10 and 15 wt %) the maximum 

quantity that could be added to the mixture was 10 wt % of the [C4mim]Cl weight. 

When more than 10 wt % of IL plasticiser was added to the mixture, it was possible to 

see drops of the IL over the anti-solvent (water) while the regeneration of the cellulose 

was taking place, indicating that there was too much IL plasticiser in the mixture.  
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Figure 3.8 Pictures of a) wet cellulosefibrous-PNTf2 film after using the coating machine and 

b) the same film after drying using a weight 

 

The casting of the films was carried out using the coating machine as explained 

previously and, it was immersed into a water bath to obtain two different free-

standing films: a cellulosefibrous-PCl film when [P6 6 6 14]Cl was the plasticiser and, a 

cellulosefibrous-PNTf2 film when [P6 6 6 14][NTf2] was used. The drying process was 

improved by adding a weight over the films when they were drying, and also, by 

protecting the films with papers while drying. With these improvements, it was 

possible to avoid the shrinkage of the films as shown in Figure 3.8 (b).  

  Characterisation of the Cellulosefibrous Films Containing IL plasticisers 

Figure 3.9 shows the infrared spectra associated with the cellulosefibrous-PCl 

film, the starting materials used for its synthesis and the mixture of the 

cellulosefibrous-[C4mim]Cl-[P6 6 6 14]Cl. The assignment of the peaks from the fibrous 

cellulose and [C4mim]Cl was discussed in section 3.2.2. Peaks for the new compound 

added, e.g. IL plasticiser [P6 6 6 14]Cl, could be found which were retained in the 

cellulosefibrous-PCl film such as the two sharp peaks at 2926 and 2856 cm-1, which 

correspond to C-H stretching modes and are sharper than those in cellulose due to 

the large number of methylene groups in the plasticiser cation, [P6 6 6 14]
+. The two 

peaks at 1373 and 1318 cm-1 corresponding to the C-H bending of the alkyl chain of 

the plasticiser cation are also retained in the spectrum of the film [269]. More 

importantly, the elimination of [C4mim]Cl (IL solvent) from the cellulosefibrous film 
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was confirmed with this technique, in agreement with the results presented in section 

3.2.2. 

 
Figure 3.9 Infrared spectra of fibrous cellulose (red), [C4mim]Cl (purple), [P6 6 6 14]Cl (green), 

cellulosefibrous-[C4mim]Cl-[P6 6 6 14]Cl mixture (blue) and cellulosefibrous-PCl film (black) 

 

 
Figure 3.10 Infrared spectra of fibrous cellulose (red), [C4mim]Cl (purple), [P6 6 6 14][NTf2] 

(green), cellulosefibrous-[C4mim]Cl-[P6 6 6 14][NTf2] mixture (blue) and cellulosefibrous-PNTf2 

film (black) 

 

In the case of the cellulosefibrous-PNTf2 film, Figure 3.10, it was found that 

four different peaks from the IL plasticiser were retained in the film. The peaks at 2927 

and 2860 cm-1 corresponding to the methylene groups from the cation, [P6 6 6 14]
+; and 
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the peaks at 1350 and 1181 cm-1, assigned to the S=O asymmetric and symmetric 

stretching of the [NTf2]
- anion, respectively [269].  

Figure 3.11 and Figure 3.12 display the Raman spectra of the cellulosefibrous-

PCl film and cellulosefibrous-PNTf2 film, respectively. The Raman spectra of the IL 

plasticisers used and the cellulosefibrous film previously characterised were also 

added for comparison.  

 
Figure 3.11 Raman spectra of [P6 6 6 14]Cl (red), cellulosefibrous film (green) and 

cellulosefibrous-PCl film (black). Spectra normalised and re-plotted using Spectrogryph 

 

 
Figure 3.12 Raman spectra of [P6 6 6 14][NTf2] (red), cellulosefibrous film (green) and 

cellulosefibrous-PNTf2 film (black). Spectra normalised and re-plotted using Spectrogryph 

 

Table 3.5 shows the Raman shift assignments [270] for the spectra included in 

Figure 3.11 and Figure 3.12 where it can be seen that most of all the Raman peaks 

from the ionic liquid plasticisers cannot be found in the cellulosefibrous-IL plasticiser 

films. One possible reason could be that the peaks for the plasticiser are overlapped 
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with the cellulose peaks. In the case of the plasticiser [P6 6 6 14][NTf2], there is a peak at 

1207 cm-1 corresponding to the CF3 stretching of the anion that could be identified in 

the cellulosefibrous-PNTf2 film at 1236 cm-1 as a broad peak. In both cellulosefibrous-

IL plasticiser films there is a big broad peak from 1300 to 1800 cm-1 that did not appear 

in the cellulosefibrous film, and therefore, could be considered as a characteristic 

feature of the plasticiser-containing films. As the common part of the plasticiser is the 

cation, [P6 6 6 14]
+, it can be speculated that the broad peak is related to the cation. 

Table 3.5 Raman shift assignments of cellulosefibrous-IL plasticiser films in comparison to the 

IL plasticisers and a cellulosefibrous film 

[P6 6 6 14]Cl 

/ cm-1 

[P6 6 6 14]  

[NTf2]     

/ cm-1 

Cellulose 

fibrous 

film / cm-1 

Cellulose 

fibrous-

PCl film / 

cm-1 

Cellulose 

fibrous-

PNTf2 film / 

cm-1 

Bonds 

1732 1695 1799 1687 1723 C-C bending  

1409 1417  1448 1385 H-C-H bending plasticiser 

1304 1320 1372 1312 1352 H-C-C (CH2 plasticiser) and 

C-O-H bending (CH2OH 

part) cellulose 

 1207   1236 CF3 symmetric stretching  

984 988 944   H-C-C (CH2 plasticiser) and 

C-O-H bending (CH2OH 

part) cellulose 

816 816 829 812 848 Out-of-plane bending of 

OH groups cellulose and 

C-C stretching CH2 

plasticiser 

 744    CF3 symmetric 

deformation 

592 596    C-C-C bending plasticiser 

480 505 492 424 444 C-O bending cellulose, C-

C bending plasticiser 

cation and C-N-C 

deformation plasticiser 

anion 

 

The thermal stabilities of the cellulose films containing ILs plasticisers are 

presented in Figure 3.13 and Figure 3.14. The decomposition temperature of the IL 

[P6 6 6 14]Cl was 301 ⁰C and for the cellulosefibrous-PCl film, this onset temperature 

decreased to 250 ⁰C. The thermogram corresponding to the IL plasticiser, 

[P6 6 6 14][NTf2], shows a higher thermal stability as expected due to the higher stability 

of the anion [271], with a decomposition temperature of 329 ⁰C. In the case of the 
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cellulosefibrous-PNTf2 film, the decomposition temperature was 251 ⁰C. Both films 

obtained show a higher onset temperature that in the case of the cellulosefibrous film 

(green plot); hence, the IL plasticisers enhance the thermal stabilities of the 

cellulosefibrous films due to a possible interaction with the cellulose in the film [272]. 

 
Figure 3.13 Thermogram of [P6 6 6 14]Cl (red), cellulosefibrous film (green) and 

cellulosefibrous-PCl film (blue) 

 

 
Figure 3.14 Thermogram of [P6 6 6 14][NTf2] (red), cellulosefibrous film (green) and 

cellulosefibrous-PNTf2 film (blue) 

 

The quantity of water found in these two cellulosefibrous-IL plasticiser films 

were 4.2 wt % for the cellulosefibrous-PCl film and 4.0 wt % for the cellulosefibrous-
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PNTf2 film. Both films showed a second decomposition temperature around 333 ⁰C for 

the cellulosefibrous-PCl film and around 341 ⁰C for the cellulosefibrous-PNTf2 film. 

This second decomposition temperature could be linked to free IL plasticiser retained 

inside the films [272].  

 
Figure 3.15 SEM picture of cellulosefibrous-PCl film showing a) magnification 100 and b) 

magnification 1K. EDX spectra showing c) the composition of the cellulosefibrous-PCl film 

(presence of Au from sputtering and Cu from the copper tape) 

 

SEM/EDX data for the cellulosefibrous-PCl and cellulosefibrous-PNTf2 films are 

shown in Figure 3.15 and Figure 3.16, respectively. The cellulosefibrous film showed 

in section 3.3.1 was very thin (i.e. as a piece of paper), but when the plasticiser, 

[P6 6 6 14]Cl, was added the cellulosefibrous-PCl film obtained was thicker with porosity 

created throughout as it can be seen in the cross-section showed in Figure 3.15 (a). 

The elemental analysis carried out using EDX (Figure 3.15 (c)) show the presence of 

elements from the cellulose (C and O) and from the plasticiser (P and Cl).  

Similarly to the cellulosefibrous-PCl film, the cellulosefibrous-PNTf2 film shows 

porosity that can be seen in Figure 3.16 (a). Elements from the cellulose (C and O) and 
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from the IL plasticiser (P, S and F) were also identified by EDX, as shown in Figure 3.16 

(b). 

 
Figure 3.16 SEM picture of the cellulosefibrous-NTf2 film a) showing magnification 100. EDX 

spectra showing b) the composition of the cellulosefibrous-PNTf2 film (presence of Au from 

sputtering) 

 

The elemental composition from the EDX is tabulated in Table 3.6 where the 

main differences between the films can be identified. The amount of carbon increased 

from the film with the plasticiser [P6 6 6 14]Cl to the film with [P6 6 6 14][NTf2] due to the 

anion [NTf2] which has carbon. Also, this anion has sulfur and fluorine which appeared 

in the analysis of the cellulosefibrous-NTf2 film. Phosphorous appears in both films 

due to the plasticiser cation, [P6 6 6 14]
+. Chlorine was found in the cellulosefibrous-PCl 

film due to the plasticiser anion, Cl-, but in the cellulosefibrous-PNTf2 film, this element 

was not found. As explained in section 3.2.2, the absence of chlorine shows that 

significant amounts of [C4mim]Cl, used for cellulose dissolution, do not remain in the 

film. 
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Table 3.6 Elemental composition of the cellfib-IL plastisicer films using EDX  

Films C / % O / % P / % S / % F / % Cl / % 

cellulosefibrous-

PCl film 

51.9 39.8 1.8 - - 2.5 

cellulosefibrous-

NTf2 film  

63.4 28.3 0.9 1.7 5.6 - 

 

3.4. NMR Study of the Cellulose-Ionic liquids Mixtures 

In this section, nuclear magnetic resonance (NMR) studies were carried out to 

evaluate the interactions of the cellulose with the IL solvent ([C4mim]Cl), and with the 

ILs plasticisers ([P6 6 6 14]Cl and [P6 6 6 14][NTf2]). In the case of the cellulose-IL solvent 

interaction a 35Cl NMR study was carried out and in the case of the cellulose-IL solvent-

IL plasticiser 35Cl NMR and 31P NMR studies were developed.  

In the literature, studies on the mechanism using 13C and 35/37Cl NMR relaxation 

measurements and molecular dynamics studies can be found, as introduced in section 

2.2.1 [200]. The reason for choosing 35Cl NMR for the analysis of chloride in ILs are the 

natural abundance of 35Cl (75.5 %) and its short relaxation time caused by its 

quadrupole nucleus (I=3/2) [273]. In the case of 31P NMR, its isotopic abundance is 

about 100 % and its nucleus spin is ½, making spectra rather easy to understand [274].  

The study of the interaction of cellulose with the IL solvent, [C4mim]Cl, and with 

two different IL plasticisers, [P6 6 6 14]Cl and [P6 6 6 14][NTf2], was carried out using Bruker 

NMR (600 and 400 Hz) instruments. 35Cl NMR and 31P NMR experiments were 

completed with frequencies of 59 MHz and 162 MHz, respectively.  

Solutions of powder cellulose (5 and 10 wt %) and fibrous cellulose (5 and 10 

wt %) in [C4mim]Cl were prepared by mixing the cellulose-IL solvent at 100 ⁰C with 

constant stirring for 3 hours for the powder cellulose and for 2 hours for the fibrous 

cellulose. In the case of the solution including the ILs plasticisers, [P6 6 6 14]Cl and 

[P6 6 6 14][NTf2], the cellulose was dissolved as explained previously (i.e., a 10 wt % of IL 

plasticiser was added to the cellulose-[C4mim]Cl mixture at 90 ⁰C, which was then 

stirred until a homogeneous mixture was obtained).  

Neat ILs and completed dissolutions were transferred to 5 mm NMR tubes that 

were subsequently fitted with a 50 µL co-axial external reference containing a solution 

of 0.1 M NaCl in D2O for the 35Cl NMR experiments and another 50 µL co-axial external 

reference containing trimethylphosphate for the 31P NMR spectra. The transfer of the 
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neat ILs and the cellulose dissolutions was carried out very carefully using a heat gun 

and a syringe. 

 
Figure 3.17 Stacked 35Cl NMR spectra of a) IL solvent [C4mim]Cl, b) 5 wt % powder cellulose 

in [C4mim]Cl, c) 5 wt % fibrous cellulose in [C4mim]Cl, d) 10 wt % powder cellulose in 

[C4mim]Cl and e) 10 wt % fibrous cellulose in [C4mim]Cl 

 

Figure 3.17 shows the 35Cl NMR spectra obtained for the neat IL solvent, 

[C4mim]Cl, and its mixture with powder cellulose and fibrous cellulose in different 

quantities. The peak followed in the spectra is the one corresponding to the chloride 

from the IL solvent, [C4mim]Cl, which is the peak that is in more concentration in 

comparison to the other components of the mixtures.  

In Table 3.7 the chemical shift and line width of the chloride peaks obtained for 

the neat [C4mim]Cl and its mixtures with cellulose are summarised. From these values 

and based on related work in the literature [275], it was possible to analyse the 

behaviour of the chloride anion with different cellulose types and quantities added.  

The chemical shift and line width of the chloride peak in each of the mixtures 

are compared to those in the spectrum of neat [C4mim]Cl. Thus, upon addition of 

powder cellulose, the chemical shift of the chloride changed downfield, whereas for 

the fibrous cellulose, the chemical shift moved upfield. This result was unexpected 

because, in principle, the same field change was expected for both types of cellulose. 
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Avent et al. [275a] related an upfield chemical shift to the cation-anion interactions in 

an IL (e.g., [C2mim]Cl) being broken due to the dissociation of the IL in a solvent (e.g., 

acetonitrile). This theory could be applied for the dissolution of cellulose in the IL, 

[C4mim]Cl, since, as cellulose is dissolved in the IL, new hydrogen bonds are created 

between cellulose and IL and the cation-anion association in the IL is broken. 

Therefore, the upfield chemical shift of the fibrous cellulose could relate to the fact 

that this type of cellulose is easier to dissolve than the powder cellulose, that seemed 

not completely dissolved. In the case of the quantity added for both cellulose types, 

when 10 wt % of the cellulose was added the chemical shift moved upfield for both 

cellulose, so it may be established that with this quantity of cellulose the behaviour is 

more pronounced due to the increase in the concentration of the biopolymer-ionic 

liquid interactions.  

After the cellulose was dissolved in the IL solvent, [C4mim]Cl, changes in the line 

width were also observed, which are related to a physical change (e.g. viscosity or 

mobility), rather than chemical. The nuclear relaxation becomes slower (smaller 

linewidth) as the solution becomes less viscous [200]. Accordingly, when both 

cellulose types were added the resultant mixture seemed to be less viscous because 

the line width is smaller than in the case of the neat [C4mim]Cl. 

Table 3.7 Chemical shift and line width of the chloride peaks by 35Cl NMR spectroscopy 

obtained from the samples of neat [C4mim]Cl and its mixture with cellulose. The peak under 

study corresponded to the chloride in the IL solvent [C4mim]Cl. The chemical shift of the peak 

was chosen as the highest point of the peak and, in the case of the line width, it was the 

difference in the frequency width of the peak  

Sample  35Cl NMR chemical 

shift δ / ppm 

Line width / kHz 

Neat [C4mim]Cl 42.86 10.23 

[C4mim]Cl + 5 wt % powder cellulose 47.96 6.17 

[C4mim]Cl + 10 wt % powder cellulose 42.76 6.41 

[C4mim]Cl + 5 wt % fibrous cellulose 38.01 7.74 

[C4mim]Cl + 10 wt % fibrous cellulose 35.74 7.34 

 

Figure 3.18 shows the 35Cl NMR spectra of different IL solvent-fibrous cellulose-

IL plasticiser mixtures. Changes in the chloride peak position of the [C4mim]Cl, used 

as a solvent, were monitored when the hydrophobic IL plasticisers were added to the 

mixture. From the spectra, there are several changes in the chemical shift and in the 

line width of the chloride peak in the different samples. 
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Figure 3.18 Stacked 35Cl NMR spectra of a) IL solvent [C4mim]Cl, b) IL plasticiser [P6 6 6 14]Cl, c) 

10 wt % of [P6 6 6 14]Cl in [C4mim]Cl, d) 10 wt % of [P6 6 6 14][NTf2] in [C4mim]Cl e) 10 wt % of 

fibrous cellulose and 10 wt % of [P6 6 6 14]Cl in [C4mim]Cl and f) 10 wt % of fibrous cellulose 

and 10 wt % of [P6 6 6 14][NTf2] in [C4mim]Cl 

 

The chemical shift and line width values of the samples from Figure 3.18 are 

summarised in Table 3.8. For a better understanding Figure 3.19 compares the 35Cl 

NMR spectra of the [C4mim]Cl + 10 wt % fibrous cellulose mixture and the two 

plasticiser mixtures of: [C4mim]Cl + 10 wt % fibrous cellulose + 10 wt % [P6 6 6 14]Cl and 

[C4mim]Cl + 10 wt % fibrous cellulose + 10 wt % [P6 6 6 14][NTf2]. As it can be seen, the 

peak in the plasticiser mixtures (blue and red plots) moved downfield in comparison 

to the [C4mim]Cl + 10 wt % fibrous cellulose mixture (green). In the view of this 

downfield movement of the Cl- peak, from the [C4mim]Cl, in comparison to the fibrous 

cellulose-IL solvent mixture, it can be said that the IL plasticiser had a chemical 

influence in the Cl- of the under study. The environment of the Cl-, from the [C4mim]Cl, 

changed because the other ILs, [P6 6 6 14]Cl and [P6 6 6 14][NTf2], were part of the cellulose 

matrix. This downfield movement indicates that an interaction between the IL 

plasticiser and the cellulose takes place that makes the cation-anion interaction in the 

[C4mim]Cl stronger because it is less bonded to the cellulose. As it was explained in 

section 3.3.2 when the thermal analysis of the cellulose films containing IL plasticiser 
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was carried out, there was an interaction between IL plasticiser and cellulose which 

increased the decomposition temperature of the composite films obtained.  

 
Figure 3.19 Overlaid 35Cl NMR spectra of 10 wt % fibrous cellulose in [C4mim]Cl (green); 10 

wt % of fibrous cellulose and 10 wt % of [P6 6 6 14]Cl in [C4mim]Cl (blue) and, 10 wt % of 

fibrous cellulose and 10 wt % of [P6 6 6 14][NTf2] in [C4mim]Cl (red) 

 

 

Table 3.8 Chemical shift and line width of the chloride peaks by 35Cl NMR spectroscopy 

obtained from the samples of neat [C4mim]Cl and its mixture with cellulose and IL plasticisers. 

The reference peak was corresponding to the chloride in the IL solvent [C4mim]Cl 

Sample  35Cl NMR chemical 

shift δ / ppm 

Line width / kHz 

Neat [C4mim]Cl 42.86 10.23 

Neat [P6 6 6 14]Cl  47.34 9.73 

[C4mim]Cl + 10 wt % [P6 6 6 14]Cl 53.40 8.19 

[C4mim]Cl + 10 wt % [P6 6 6 14][NTf2] 52.77 6.56 

[C4mim]Cl + 10 wt % fibrous cellulose 35.74 7.34 

[C4mim]Cl + 10 wt % fibrous cellulose +     

10 wt % [P6 6 6 14]Cl 
37.68 8.37 

[C4mim]Cl + 10 wt % fibrous cellulose +     

10 wt % [P6 6 6 14][NTf2] 
39.50 6.23 

 

Another important point is related to the line width of the peaks. If both, 

[C4mim]Cl-10 wt % fibrous cellulose-10 wt % [P6 6 6 14]Cl and [C4mim]Cl-10 wt % 

fibrous cellulose-10 wt % [P6 6 6 14][NTf2], mixtures are compared it can be seen that 



Chapter 3: Development and Characterisation of Flexible Composite Electrodes 

77 

 

the line width value of the mixture using 10 wt % [P6 6 6 14][NTf2] as plasticiser is smaller 

in comparison with the mixture using 10 wt % [P6 6 6 14]Cl. The reason of this can be 

attributed to a decrease in the viscosity of the mixture when [P6 6 6 14][NTf2] was added 

due to its lower viscosity (453.64 mPa s at 25 ⁰C) [276] in comparison to [P6 6 6 14]Cl 

(1683 mPa s at 25 ⁰C) [277].  

As it was pointed out above, there was a change in the 35Cl NMR peak when the 

IL plasticiser was added to the [C4mim]Cl-10 wt % fibrous cellulose mixture. To 

determine which, the cation or anion from the plasticisers, were interacting with the 

cellulose, another experiment was carried out. As the cation, [P6 6 6 14]
+, was the same 

for both plasticisers, 31P NMR spectroscopy was chosen to study any interaction 

involving the cations, as it is shown in Figure 3.20. The singlets for the neat IL, 

[P6 6 6 14]Cl and [P6 6 6 14][NTf2], corresponded to the phosphorous from [P6 6 6 14]
+ and 

were accompanied by minor satellites (36.50 ppm) as a result of 13C-31P coupling to 

the α-carbon [266]. 

 
Figure 3.20 Stacked 31P NMR spectra of a) IL plasticiser [P6 6 6 14]Cl, b) IL plasticiser 

[P6 6 6 14][NTf2], c) 10 wt % of [P6 6 6 14]Cl in [C4mim]Cl, d) 10 wt % of [P6 6 6 14][NTf2] in 

[C4mim]Cl, e) 10 wt % of fibrous cellulose and [P6 6 6 14]Cl in [C4mim]Cl and f) 10 wt % of 

fibrous cellulose and [P6 6 6 14][NTf2] in [C4mim]Cl 

 

From Table 3.9 it can be assumed that the cation, [P6 6 6 14]
+, is not interacting 

with the cellulose or [C4mim]Cl due to the fact that the phosphorous chemical shift of 



Chapter 3: Development and Characterisation of Flexible Composite Electrodes 

78 

 

the plasticisers did not change from the neat ILs to the mixtures. Therefore, if there is 

any interaction among the ILs plasticisers and the other compounds may be due to 

the interaction of the plasticisers anions, Cl- or [NTf2]
-. 

Table 3.9 31P NMR chemical shift obtained for the IL plasticisers and their mixtures with 

[C4mim]Cl and fibrous cellulose 

Sample  31P NMR chemical 

shift δ / ppm 

Neat [P6 6 6 14]Cl  32.78 

Neat [P6 6 6 14][NTf2] 32.26 

[C4mim]Cl + 10 wt % [P6 6 6 14]Cl 32.45 

[C4mim]Cl + 10 wt % [P6 6 6 14][NTf2] 32.22 

[C4mim]Cl + 10 wt % fibrous cellulose + 10 wt % [P6 6 6 14]Cl 32.35 

[C4mim]Cl + 10 wt % fibrous cellulose + 10 wt % [P6 6 6 14][NTf2] 32.18 

 

To summarise, 35Cl NMR data indicated that the fibrous cellulose was easier to 

dissolve in [C4mim]Cl than the powder cellulose. In terms of interaction among the 

three components in the mixture, it can be said that the IL plasticiser interacts with 

the cellulose, competing with the [C4mim]Cl.  

3.5. Chemical Polymerisation of Pyrrole 

Polypyrrole was chosen as the electronically conducting polymer, because of its 

high electrical conductivity [206], low toxicity, biocompatibility [58] and relatively low 

cost [207], as it was described in section 2.3.1. Polypyrrole was synthesised by chemical 

polymerisation, based on the coupling between radical cations, as explained in section 

2.3.1.  

The chemical polymerisation of pyrrole in methanol with different oxidants was 

carried out first in order to understand the behaviour of the electronically conducting 

polymer before synthesising it using ionic liquids as solvents. The two oxidants chosen 

were anhydrous iron (III) chloride and ammonium persulfate.  

 Methodology to Obtain Powder Polypyrrole Using Iron (III) Chloride as 

the Oxidant 

To carry out the polymerisation of pyrrole using anhydrous iron (III) chloride 

as the oxidant, three methods were followed; all of them are described in the literature 

[278]. The different conditions used for each procedure are shown in Table 3.10.  
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Table 3.10 Procedures followed to synthesise the ECP polypyrrole showing the quantities and 

conditions utilised 

Procedure 

name 

Pyrrole / 

mL 

Oxidant iron (III) 

chloride / g 

Solvent  Temperature / 

⁰C 

Time of 

reaction / h 

A 0.45 0.06 methanol      

(5 mL) 

25 17 

B 1 0.046 H2O pH 3-4 

(10.5 mL) 

25 48 

C 1 5.728 methanol     

(15 mL) 

0-5 1 

 

The general procedure followed for these syntheses consisted of dissolving 

the monomer pyrrole in methanol. Then, anhydrous iron (III) chloride was added to 

the mixture stirred at the required temperature during the time shown in Table 3.10. 

In all the cases, the solution turned to a dark green colour immediately, which can be 

due to oligomerisation taking place prior to the final polymerisation when PPy turned 

to a black precipitate [279]. The black precipitate formed was filtered and washed with 

15 mL of methanol and 15 mL of water until the washed solution was colourless, which 

was interpreted as an indication that all the oxidant had been eliminated. However, 

EDX results (see section 3.5.3) showed that there were traces of oxidant still remaining 

in the powder polypyrrole. The black powder (Figure 3.21) was dried in an oven (75 

ºC) for 4 hours. 

 
Figure 3.21 Picture of the powder polypyrrole obtained using anhydrous iron (III) chloride as 

the oxidant 

 

 Methodology to Obtain Powder Polypyrrole Using Ammonium 

Persulfate as the Oxidant 

The procedure followed earlier for the chemical polymerisation of pyrrole 

consisted of using anhydrous iron (III) chloride as the oxidant. To avoid the use of 
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corrosive chemicals, like iron (III) chloride anhydrous, in the films, a common organic 

and milder oxidant was chosen: ammonium persulfate (APS), (NH4)2S2O8. To obtain a 

doped polypyrrole a radical coupling mechanism showed in Figure 3.22 is proposed. 

As dopant precursor, benzenesulfonic acid (BSA), was used so that the dopant will be 

benzenesulfonate (BS) (structure shown in Figure 3.33) [207].  

 
Figure 3.22 Radical coupling mechanism proposed for the chemical polymerisation of pyrrole 

using APS as the oxidant and BS as the dopant 

 

The procedure followed consisted of adding 0.1065 g (0.047 mmol) of APS and 

0.2280 g (1.44 mmol) of benzenesulfonic acid over 5 mL of methanol that was 

previously immersed in an ice bath, and the mixture was stirred for 30 minutes. Water 

(1 mL) was added to help the oxidant dissolution. After the oxidant was completely 

dissolved, 1 mL of pyrrole was added. The solution was stirred slowly for 1 hour in an 

ice bath and for another hour at room temperature. When pyrrole was added, the 

solution turned from colourless to green and finally to black obtaining a black powder 

that was filtered and washed with methanol and water. Finally, the polypyrrole 

obtained was dried in air and then stored in a vacuum desiccator with phosphorous 

pentoxide as the desiccant. 
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When pyrrole was added to the oxidant/dopant precursor solution, it was 

possible to observe that the polymerisation was slower than in the case of using iron 

(III) chloride, the solution turned from colourless to green in 20 min and in about 1 

hour the solution turned black.  

 
Figure 3.23 Picture of the powder polypyrrole obtained using ammonium persulfate as the 

oxidant and benzenesulfonate as the dopant 

 

 

 Characterisation of Powder Polypyrrole 

 
Figure 3.24 Infrared spectra of powder polypyrrole using anhydrous iron (III) chloride as the 

oxidant (black) and powder polypyrrole using APS as the oxidant and BS as the dopant (red) 

 

Infrared spectroscopy was used to characterise the molecular structure of the 

polypyrrole synthesised in the previous section.  

Figure 3.24 shows the infrared spectra of the polypyrrole powder obtained 

from each of the two methods described above. The black plot corresponds to the 

polypyrrole using anhydrous iron (III) chloride as the oxidant and the red plot 
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corresponds to the polypyrrole using ammonium persulfate as oxidant and 

benzenesulfonic acid as the dopant precursor. 

The assignments of the polypyrrole peaks are reported in Table 3.11. Mainly 

the infrared spectra exhibited strong peaks in the region 1750 – 800 cm-1 where the 

pyrrole ring stretching and bending vibrations can be found. In the case of the 

polypyrrole doped with benzenesulfonate (BS) (red plot), it was possible to identify 

the characteristic O=S=O stretching band at 914 cm-1 due to the phenyl ring attached 

with a sulfonate group. As expected, this band does not appear in the infrared 

spectrum corresponded to the polypyrrole (black plot) [207,237]. Another important 

peak related to the oxidised state of the polypyrrole can be found around 1700 cm-1. 

This peak is assigned to the C=O stretching, and results from an overoxidation of 

polypyrrole during the polymerisation, as it is shown in Figure 3.25 [280]. This peak 

suggests the overoxidation of the polypyrrole chain that could lead to a decrease in 

the conductivity of the ECP as it was discussed in section 1.5.1.3.2 [280b].  

 
Figure 3.25 α, β-unsaturated ketones formed in the polypyrrole chain as a result of oxidation 

at the β'-position of the pyrrole 

 

Table 3.11 Infrared peak assignments of the powder polypyrrole 

Polypyrrole using APS as 

oxidant and BS as dopant          

/ cm-1 

Polypyrrole using 

anhydrous iron (III) 

chloride as oxidant / cm-1 

Bonds vibrations 

3000 3000 CH2 asymmetric and 

symmetric stretching  

1705  Oxidised state polypyrrole 

(C=O stretching)  

1550 1532 C=C stretching ring 

1475 1437 C-N stretching ring 

1199 1161 C-N in-plane ring deformation 

and bending  

1037 1000 C-H and N-H deformation 

914  O=S=O stretching phenyl 

group substituted by a 

sulfonic acid group  
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The Raman spectra of the polypyrrole were also carried out (Figure 3.26). The 

most important peaks for the characterisation of PPy were found in the range between 

800 – 1800 cm-1. Table 3.12 displays the Raman shift assignments for PPy done by 

comparison to that found in the literature [281]. 

 
Figure 3.26 Raman of PPy using APS as the oxidant and BS as the dopant (red) and PPy using 

anhydrous iron (III) chloride as the oxidant (black); Spectra normalised and re-plotted using 

Spectrogryph 

 

According to the literature [281a], the position of the C=C backbone stretching 

band was found in PPy can be used to differentiate between PPy in oxidised and 

reduced state; when the peak is located at approximately 1560 cm-1 the PPy is in its 

reduced state (de-doped) and when the peak is at 1650 cm-1 the PPy is oxidised 

(doped). In the case of the PPy synthesised with both methods, the peak appeared at 

1599 cm-1 using APS as the oxidant and BS as the dopant, and at 1606 cm-1 using 

anhydrous iron (III) chloride as the oxidant. Hence, it seems that both PPy were 

oxidised; PPy (red plot) had benzenesulfonate as the dopant, whereas and in the case 

of the other PPy (black plot), it seems that the chloride ion from the oxidant is acting 

as dopant. It has been reported that in PPy obtained using anhydrous iron (III) chloride 

as the oxidant, the Cl- ion can be retained in the polymer backbone as dopant [207]. 

A further elemental characterisation was carried out using SEM/EDX techniques.  
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Table 3.12 Raman shift assignments for the powder polypyrrole  

Polypyrrole using APS as the 

oxidant and BS as the dopant 

/ cm-1 

Polypyrrole using 

anhydrous iron (III) 

chloride as the oxidant / 

cm-1 

Bonds 

- 1733 C-C bending 

1599 1606 C=C backbone stretching 

1333, 1379 1376,1453 Ring stretching 

1255 1253 N-H in-plane deformation 

1087 1081 C-H in-plane deformation 

1059 1093 Ring deformation 

929 943 C-H out-of-plane deformation 

- 818 C-C stretching 

 

 
Figure 3.27 Thermogram of PPy using anhydrous iron (III) chloride as the oxidant (black) and 

PPy using APS as the oxidant and BS as the dopant (red) 

 

Figure 3.27 shows the thermogram of both synthesised polypyrrole 

compounds. The polypyrrole obtained using iron (III) chloride as oxidant is more 

stable, with a decomposition temperature of 285 ⁰C, compared to the polypyrrole 

using APS as the oxidant, which decomposes at 208 ⁰C. These values were in 

agreement with the literature and the difference in the decomposition temperatures 

may be due to the cross-link between chain segments in the PPy using anhydrous iron 

(III) chloride as the oxidant [207,60b,282]. Both PPy show slow thermal degradation, 

but the residual mass at 500 ⁰C was different for each polypyrrole. In the case of the 

polypyrrole using APS as oxidant, the residual mass was almost 60 %, whereas the 
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polypyrrole using iron (III) chloride had the residual mass of about 45 %. The higher 

residue mass obtained for the PPy using APS as the oxidant may be due to longer 

chains obtained during the polymerisation process. 

Figure 3.28 shows the SEM images and EDX analysis of the polypyrrole 

synthesised Both polypyrrole SEM pictures (Figure 3.28 (a) and (b)) showed a 

cauliflower structure [283], with the individual particles being nano-sized (see higher 

magnification pictures in the insets). 

 
Figure 3.28 SEM pictures with magnification 1K and, EDX spectra of a) PPy using anhydrous 

iron (III) chloride as the oxidant and b) PPy using APS as the oxidant and BS as the dopant. 

(Presence of Au from sputtering and Cu from the copper tape). Higher magnification 10K 

SEM images are shown in the insets. 

 

The EDX analysis shows the presence of the elements expected from the 

polypyrrole backbone (C and N) as well as O, Fe and Cl (Figure 3.28 (a)), which may be 

due to contaminants remaining, such as water and oxidant (iron (III) chloride). It seems 

that the elimination of water and oxidant, in this case, was more difficult than using 

the ammonium persulfate as the oxidant. As shown in the EDX elemental analysis in 

Figure 3.28 (b), elements from the oxidant, APS, seemed not to be present. The 

elements that can be identified are the ones corresponding to the polypyrrole (C, N) 

and dopant, benzenesulfonate (C, O and S). 
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Table 3.13 Elemental composition of the powder polypyrrole obtained using EDX  

Films C / % O / % N / % S / % 

PPy using 

anhydrous iron 

(III) chloride  

44.4 46.6 2.4 - 

PPy using APS 

and BS  

52.0 22.3 17.6 6.5 

 

3.6. In situ Polymerisation of Pyrrole in a Cellulose-IL Mixture – 

Evolution of Flexible Electronic Composites 

 Methodology to Obtain Cellulosefibrous Films Containing Polypyrrole 

After the study of the behaviour of the cellulose in the ionic liquids and its 

dissolution and regeneration as free-standing films, the addition of the electronically 

conducting polymer chosen, polypyrrole, to convert the cellulose matrix in an 

electronically conducting material by binding it to an electronically conducting 

polymer matrix was carried out. The development of an in situ polymerisation of 

pyrrole in a cellulose-IL solvent mixture was carried out using different oxidants and 

dopants and variating their compositions in order to optimise the development of 

flexible composite electrodes.  

 
Figure 3.29 Procedure used to obtain a polypyrrole-cellulosefibrous film 

 

Using the method described in Figure 3.29, three polypyrrole-cellulosefibrous 

films (PPy-cellfib films) were obtained varying the anti-solvent used to regenerate 

them. Therefore, after dissolving the cellulose in the IL, [C4mim]Cl, as it was explained 

in section 3.2.1, the addition of a catalytic amount (~ 0.05 g) of the oxidant ammonium 

persulfate was carried out. After obtaining a homogeneous mixture, 10 wt % of pyrrole 

was added and mixed. The mixture changed from colourless to dark green and finally 

to black in approximately 30 minutes. When the mixture was totally black, three films 

were cast to investigate how the anti-solvent affects the regenerated films. The anti-

solvents used were methanol, water and propanone. Figure 3.30 (a) shows the PPy-

cellfib film using methanol as the anti-solvent and (b) the PPy-cellfib film using water 

and (c) the PPy-cellfib film using propanone. The use of different anti-solvents 

influenced the colour and flexibility of the films. From the literature, it is known that 
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the anti-solvent affects the precipitation of the cellulose due to its contribution to the 

formation of the intramolecular hydrogen bonds of the cellulose, therefore, changes 

in the morphology of the cellulose films obtained were expected [176b]. 

 
Figure 3.30 Pictures of polypyrrole-cellulosefibrous films a) using methanol, b) using water 

and c) using propanone as the anti-solvents 

 

In order to improve the flexibility of the composite films, an IL plasticiser was 

added as it is shown in Figure 3.31. The addition of the plasticiser was carried out as 

explained in section 3.3.1. Two IL plasticisers were utilised, i.e. [P6 6 6 14]Cl and 

[P6 6 6 14][NTf2] to check the differences between them. As shown in Figure 3.32, the 

addition of the IL plasticiser resulted in an increment in the flexibility of the films, 

which could be detected visually. Since the plasticisers used are hydrophobic 

compounds, the anti-solvent chosen for the regeneration of the polypyrrole-

cellulosefibrous-IL plasticiser films (PPy-cellfib-PCl and PPy-cellfib-PNTf2 films) was 

water, to avoid the dissolution of the IL plasticiser.  

 
Figure 3.31 Procedure used to obtain a polypyrrole-cellulosefibrous-IL plasticiser film 

 

 
Figure 3.32 Pictures of polypyrrole-cellulosefibrous-IL plasticiser films a) using [P6 6 6 14]Cl and 

b) using [P6 6 6 14][NTf2] as IL plasticisers 

 

The introduction of a dopant to the polypyrrole-cellulosefibrous-IL plasticiser 

composite films should impart electronic conductivity along the PPy coplanar π-
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conjugated system [60b]. Therefore, the addition of the dopants, (+)-camphor-10-

sulfonate (ß) and benzenesulfonate was carried out as explained in the paragraph 

below. Figure 3.33 (a) shows the structure of the dopant (+)-camphor-10-sulfonate 

and Figure 3.33 (b) benzenesulfonate.  

 
Figure 3.33 Structures of the dopant a) (+)-camphor-10-sulfonate and b) benzenesulfonate 

 

The dissolution of cellulose in [C4mim]Cl and the addition of the IL plasticiser 

was carried out as explained in section 3.3.1. After this mixture was homogeneous, at 

room temperature, ammonium persulfate and dopant precursor were added. The 

optimal dopant quantity was 0.1 mol relative to pyrrole and the oxidant was between 

0.05 - 0.1 g. The mixture was stirred to homogeneity and then, 10 wt % of pyrrole was 

added and stirred vigorously with an overhead and ringed stirrer. The mixture was 

cast as described previously on page 57, using the coating machine. The regenerated 

film was washed several times with water and air dried at room temperature for 24 

hours (Figure 3.34). 

 
Figure 3.34 Procedure used to obtain a polypyrrole-cellulosefibrous-IL plasticiser-dopant film 

 

 
Figure 3.35 Picture of a PPy-cellfib-PCl-CS film using [P6 6 6 14]Cl (PCl) as the IL plasticiser and 

(+)-camphor-10-sulfonate (CS) as the dopant 

 

Figure 3.35 shows a PPy-cellfib-IL plasticiser-dopant film in which the IL 

plasticiser was [P6 6 6 14]Cl (PCl) and the dopant (+)-camphor-10-sulfonate (CS). When 

this dopant precursor, which is a solid at r.t., was added, the mixture became very 

viscous and it was not possible to dissolve it in the cellulose-IL plasticiser mixture. 
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Therefore, the use of another dopant that can be dissolved in this mixture was 

required.  

The other dopant precursor used was the benzenesulfonic acid (BSA). With this 

dopant precursor, the stirring of the mixture was much easier due to its higher 

solubility (visual test) in the cellulose-IL plasticiser mixture in comparison to the CSA.  

Figure 3.36 shows the final process in the polymerisation of pyrrole using 

ammonium persulfate as the oxidant and benzenesulfonic acid (BSA) as the dopant 

precursor, as the film is treated in water (after casting, the film was added to the 

antisolvent and the regeneration process started, in less than 5 min the film was 

regenerated, and the polymerisation of pyrrole was just starting). Figure 3.36 (a) shows 

the regenerated film and the pyrrole polymerisation 10 min after immersing it in 

water. Figure 3.36 (b) and (c) show the last stages of the polymerisation which took 

place in less than 1 hour. The film was left immersed in the water for 2 hours in total 

to ensure that the polymerisation had finished, and all the IL solvent was washed from 

the film. Finally, Figure 3.36 (d) shows the PPy-cellfib-IL plasticiser-dopant film after 

being dried in a vacuum desiccator overnight.  

To summarise, pyrrole was polymerised in situ in a solution of 10 wt % fibrous 

cellulose in the IL 1-butyl-3-methylimidazolium chloride, [C4mim]Cl and 10 wt % of IL 

plasticiser [P6 6 6 14][NTf2], (PNTf2), at room temperature using ammonium persulfate as 

the oxidant and benzenesulfonate anion (BS) as the dopant. The solution turned dark 

green within two minutes of stirring and transformed to black in less than 1 hour, as 

it was observed when powder PPy was synthesised i.e. oligomerisation followed by 

polymerisation of pyrrole [279]. The mixture was cast into wet films of ~ 100 µm 

thickness using a coating machine and washed with water to remove the [C4mim]Cl 

ionic liquid solvent. Shiny black flexible films were obtained, washed with water several 

times to remove any residual ammonium persulfate, dried in air followed by drying in 

a vacuum desiccator overnight to obtain a PPy-cellfib-PNTf2-BS film. 
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Figure 3.36 Pictures of a PPy-cellfib-IL plasticiser-dopant film using [P6 6 6 14][NTf2], (PNTf2) as 

the IL plasticiser and ) benzenesulfonate (BS) as the dopant, a) after 10 min immersed in 

water (anti-solvent), b) after 1 hour in the water, c) after 2 hours in the water and d) after 

overnight drying process in a vacuum desiccator 

 

 

 Characterisation of Cellulosefibrous Films Containing Polypyrrole 

The first characterisation test carried out to the PPy-cellfib films was an 

“Adhesion by Tape Test” (ASTM D3359). Polypyrrole impregnated onto a flexible 

material like paper, fails this “Adhesion by Tape Test”, as the film peels off, indicating 

that it is a non-homogeneous material, as it is shown in Figure 3.37 (a). In the films 

prepared herein, as polypyrrole and cellulose are chemically blended to each other 

during the preparation process, chemically homogeneous films were produced. When 

tested using the “Adhesion by Tape Test” the composites films did not stick to the 

tape as it is shown in Figure 3.37 (b). This indicated that polypyrrole was naturally 

bound to the cellulose matrix and, therefore, the surface was homogeneous and 

uniform.  
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Figure 3.37 Adhesion by Tape Test a) polypyrrole-grafted on a laboratory filter paper and b) 

a polypyrrole-cellulosefibrous film  

 

Figure 3.38 shows the spectra of five different composite films obtained 

comprising of different components to study the main differences among them: (a) 

PPy-cellfib film, (b) PPy-cellfib-PCl film, (c) PPy-cellfib-PNTf2 film, (d) PPy-cellfib-PCl-

CS film and (e) PPy-cellfib-PNTf2-BS film. 

 
Figure 3.38 Infrared spectra of a) PPy-cellfib film (red), b) PPy-cellfib-PCl film (purple), c) PPy-

cellfib-PNTf2 film (green), d) PPy-cellfib-PCl-CS film (black) and e) PPy-cellfib-PNTf2-BS film 

(blue)  

 

The infrared spectra of the cellulosefibrous composite films containing 

polypyrrole, Figure 3.38, were analysed by comparison with the IR spectra previously 

assigned for the cellulosefibrous films in section 3.2.2, cellulosefibrous-IL plasticiser 

films in section 3.3.2 and powder polypyrrole in section 3.5.3, as well as with literature 

data. The peaks values and their assignment are shown in Table 3.14 
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[280a,259,207,280b,269,237]. It was possible to identify the main peaks corresponding 

to the cellulose, IL plasticisers ([P6 6 6 14]Cl and [P6 6 6 14][NTf2]), polypyrrole and dopants. 

The peak corresponding to the C=C stretching of the polypyrrole ring showed 

a blue shift in the cellulosefibrous composite films containing polypyrrole (1566, 1556, 

1613, 1562 and 1575 cm-1) in comparison to the powder polypyrrole (1551 cm-1, Table 

3.11). This blue shift may be due to the hydrogen bond interaction between the N-H 

of the pyrrole ring and the O-H of the cellulose moiety [184b,284].  

Other important peaks identified were the ones corresponding to the dopants 

(+)-camphor-10-sulfonate and benzenesulfonate. The sulfonate functional group, 

present in both dopants, gives rise to an O=S=O stretching band at 921 and 932 cm-

1 for PPy-cellfib-PCl-CS film (black plot) and PPy-cellfib-PNTf2-BS film (blue plot), 

respectively. In the case of the PPy-cellfib-PNTf2-BS film, there are three peaks at 3686, 

3641 and 3617 cm-1. These peaks were seen just in this film, when the dopant 

benzenesulfonate was combined with the polypyrrole, the ionic liquid plasticiser, 

[P6 6 6 14][NTf2], and the cellulose. Several IR spectra with the same three peaks were 

found in the literature, but none of the articles commented on them [285]. The IR 

spectrum of benzenesulfonate was found in the literature, but it showed no peaks 

around 3600 cm-1 [286]. Therefore, the assignment of these three peaks was not quite 

clear. Given their high wavenumber, it is hypothesised that they may be related to 

hydrogen bond interactions between this specific dopant and the water absorbed by 

the composite film; this unusual hydrogen bonding has been described between 

water and single-walled carbon nanotubes by Byl et al. [287] in 2006.  
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Table 3.14 Infrared peak assignments of the cellulosefibrous films containing polypyrrole 

a) / cm-1 b) / cm-1 c) / cm-1 d) / cm-1 e) / cm-1 Bonds 

3321 3339 3378 3339 3347 OH stretching (cellulose) and N-H 

stretching (polypyrrole) 

2881 2920, 

2831 

2921, 

2854 

2919, 

2851 

2922, 

2855 

Asymmetric and symmetric C-H 

stretching 

 1710 1701 1738 1731 Oxidised state polypyrrole (C=O 

stretching) 

1566 1556 1613 1562 1575 C=C stretching ring (polypyrrole) 

1421 1453 1462 1457 1454 CH2 symmetric bending 

  1341  1351 S=O asymmetric stretching  

([P6 6 6 14][NTf2]) 

  1183  1181 S=O symmetric stretching 

([P6 6 6 14][NTf2]) 

1137 1156 1134 1160 1138 C-N in-plane ring deformation 

and bending (polypyrrole) 

1096 1076 1077 1039 1054 C-H and N-H deformation 

(polypyrrole) 

1023 1019 1019 1039 1000 C-OH, C-C, C-H ring and side 

group vibrations (cellulose) 

   921  932 O=S=O stretching of a sulfonic 

acid group (dopant) 

 894 893 894 894 901 Asymmetric in-phase ring 

stretching (cellulose) 

 

Raman spectroscopy revealed peaks related to the cellulose, IL plasticisers and 

polypyrrole as it can be seen in Figure 3.39 and Figure 3.40. In both graphs, the same 

characteristic three peaks from 1200 to 1800 cm-1 were obtained for all the cellulose 

composite films containing polypyrrole. These three peaks at 1350 cm-1, 1600 cm-1 

and 1730 cm-1 are related to the PPy ring stretching, the C=C backbone stretching 

and the PPy, cellulose and IL plasticiser C-C bending, respectively. The shape of these 

three peaks was different in comparison to the powder polypyrrole shown in section 

3.5.3. This change can be related to the chemical blending between the polypyrrole 

and the cellulose which was also visualised in the infrared spectra (Figure 3.38). 
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Figure 3.39 Raman spectra of PPy-cellfib film (red), PPy-cellfib-PCl film (purple) and PPy-

cellfib-PCl-CS film (black)  

 

In the case of the dopants added to the PPy-cellfib-PCl-CS film (black plot, 

Figure 3.39) and PPy-cellfib-PNTf2-BS film (blue plot, Figure 3.40), no peaks related to 

them were found. Most of the Raman peaks from these dopants could have been 

hidden by the cellulose, polypyrrole and IL plasticiser peaks e.g. at 600 cm-1 SO3 

bending, at 990 cm-1 the C-C aromatic ring BS and at 1600 cm-1 the C-CH ring 

stretching from BS or the C=O from CS [288].  

 
Figure 3.40 Raman spectra of PPy-cellfib film (red), PPy-cellfib-PNTf2 film (green) and PPy-

cellfib-PNTf2-BS film (blue)  

 

Decomposition temperatures of these cellulose films containing polypyrrole 

films were between 210 ⁰C and 279 ⁰C, demonstrating that the addition of polypyrrole 

without or with dopant provided thermally stable films. Figure 3.41 shows 

thermograms for the PPy-cellfib-PCl film and PPy-cellfib-PCl-CS films and Figure 3.42 
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displays those for the PPy-cellfib-PNTf2 and PPy-cellfib-PNTf2-BS films. In both figures, 

the thermograms for the PPy-cellfib film it is also included for comparison. The 

thermal degradation among the films is different. The PPy-cellfib film showed the 

lowest decomposition temperature, in contrast, it showed the highest residual mass 

left at 500 ⁰C, with a gradual degradation that suggests decomposition of the 

polypyrrole backbone, which decomposes around 800 ⁰C [289].  

 
Figure 3.41 Thermogram of PPy-cellfib film (red), PPy-cellfib-PCl film (purple) and PPy-cellfib-

PCl-CS film (black) 

 

 
Figure 3.42 Thermogram of PPy-cellfib film (red), PPy-cellfib-PNTf2 film (green) and PPy-

cellfib-PNTf2-BS film (blue) 
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Table 3.15 displays the values of the decomposition temperatures and the 

water content of each film calculated by TGA from Figure 3.41 and Figure 3.42. The 

PPy-cellfib film was less thermally stable than the cellulosefibrous film; this decrease 

in the thermal stability of the PPy-cellfib film in comparison to the cellulosefibrous 

film may be due to the loss of intramolecular hydrogen bonding within the cellulose 

moiety and substitution by interaction with polypyrrole units via intermolecular 

hydrogen bonding [284]. The PPy-cellfib film presented an increase in the 

decomposition temperature when the IL plasticisers were added which could be 

explained as an interaction of the cellulose matrix with the IL plasticiser (increasing 

the Ton), and also, part of the IL plasticiser could have been entrapped in the composite 

film as free IL plasticiser within the cellulose matrix (2nd Ton) as it was explained in 

section 3.3.2 [272]. In the case of the 3rd decomposition temperature, it can be 

associated with the degradation of the dopants.  

Table 3.15 Decomposition temperatures and water content obtained from TGA of the 

cellulosefibrous films containing polypyrrole and the cellulosefibrous film for comparison 

Name of the composite films Ton / ⁰C 2nd Ton / ⁰C 3rd Ton / ⁰C Water content / wt % 

Cellulosefibrous film 239 - - 6.00 

PPy-cellfib film 210 - - 7.52 

PPy-cellfib-PCl film 245 368 - 5.45 

PPy-cellfib-PNTf2 film 261 351 - 4.02 

PPy-cellfib-PCl-CS film 237 367 431 2.96 

PPy-cellfib-PNTf2-BS film 279 354 425 4.27 

 

Scanning electron microscopy was used to study the morphology of the 

polypyrrole-cellulosefibrous films. Figure 3.43 shows the morphology of the PPy-

cellulosefibrous composite, presenting a smooth surface that after exposition to the 

electron beam from the SEM started to crack (picture in the right). 
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Figure 3.43 SEM images with magnification 1K and 10K and EDX spectra of PPy-cellfib film 

 

Addition of the ionic liquids plasticisers, [P6 6 6 14]Cl and [P6 6 6 14][NTf2], 

produced films with a porous interior, as shown in Figure 3.44 (a) and (b), respectively 

Figure 3.45 displays the SEM images and EDX analysis of the PPy-cellfib-IL 

plasticiser films with the dopant. As it was explained previously (section 3.6.1) the 

dopant was added to p-doped the polypyrrole, and it was possible to see that the 

films with dopant show a different surface. SEM images show a rough surface with 

cauliflower shape, attributed to the polypyrrole, in comparison to the SEM images in 

Figure 3.43 that shows a smooth surface. 
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Figure 3.44 a) SEM images with magnification 200, 1K and, EDX spectra of PPy-cellfib-PCl film 

and, b) SEM images with magnification 1K, 4K-cross-section and EDX spectra of the PPy-

cellfib-PNTf2 film (presence of Au from sputtering and Cu for the copper tape) 
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Figure 3.45 a) SEM images with magnification 1K and 10K and EDX spectra of PPy-cellfib-PCl-

CS film and b) SEM images with magnification 1K and 1K cross-section and EDX spectra of 

PPy-cellfib-PNTf2-BS film (presence of Au from sputtering and Cu for the copper tape) 
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Table 3.16 shows the elemental analysis of the cellulosefibrous films containing 

polypyrrole. The PPy-cellfib film contained the three elements (C, O and N) found in 

cellulose and polypyrrole. The incorporation of the IL plasticisers in the PPy-cellfib-PCl 

and PPy-cellfib-PNTf2 films was confirmed by the presence of the elements P and Cl 

for [P6 6 6 14]Cl, and P, S and F for [P6 6 6 14][NTf2]. In the case of the dopant-containing 

films, a sulfur (S) peak would be expected for the PPy-cellfib-PCl-CS film, but this peak 

did not appear; in contrast to the PPy-cellfib-PNTf2-BS film which showed a S peak 

corresponding to the dopant and/or the IL plasticiser. The reason why the dopant CS 

did not appear in the EDX analysis can be due to the inhomogeneous nature of the 

composite film, as it was explained in section 3.6.1 (the CS was not soluble in the 

cellulose-IL solvent mixture and another dopant was chosen to avoid this problem). 

Table 3.16 Elemental composition of the cellulosefibrous film and the cellulosefibrous films 

containing polypyrrole using EDX  

Films C / % O / % N / % P / % S / % F / % Cl / % 

Cellulosefibrous film 63.7 36.3      

PPy-cellfib film 52.5 41.4 6.1     

PPy-cellfib-PCl film 55.6 33.3 1.9 2.0   2.8 

PPy-cellfib-PNTf2 film 66.3 28.3  0.9 1.7 5.6  

PPy-cellfib-PCl-CS film 47.9 35.8 7.4 2.2   0.3 

PPy-cellfib-PNTf2-BS film 68.5 28.6  0.4 1.0 1.6  

 

3.7. Addition of Graphite 

The graphite is an allotrope of carbon and is a non-metallic conductor showing 

high electrical conductivity [250,290]. Graphite was added as a binder in the 

composite films; it was dispersed in the film without interacting with the other 

components. Graphite is expected to reinforce the composite improving its 

mechanical properties, as well as increasing its conductivity [291].  

 Methodology to Obtain Cellulosefibrous Films Containing Graphite 

The addition of graphite consisted of weighing 10 wt % of graphite in reference 

to [C4mim]Cl and adding it to the cellulose-[C4mim]Cl mixture which was then, stirred 

until a homogeneous black mixture was obtained. This addition was carried out right 

after the dissolution of the cellulose was completed and a graphite-cellfib film was 

obtained (Figure 3.46 (a)). In the case of the graphite-cellfib-PNTf2 film, Figure 3.46 (b), 
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the addition of the graphite was carried out after the addition of the IL plasticiser, that 

was [P6 6 6 14][NTf2]. 

 
Figure 3.46 a) Picture of the graphite-cellfib film and b) picture of a graphite-cellfib-PNTf2 

film 

 

Finally, in the case of the PPy-cellfib-PNTf2-graphite film (Figure 3.47), there 

were two possibilities for the addition of graphite: (i) after the cellulose was dissolved 

or (ii) after all the other components were added. Both options were carried out, and 

the best results were obtained by adding the graphite at the end of the synthesis 

(option ii). The amount added was optimised to be 10 wt %. This option was chosen 

because it allowed a better monitoring of the colour changes produced in the solution 

when polypyrrole was polymerising.  

 
Figure 3.47 a) Picture of the PPy-cellfib-PNTf2-BS-graphite film and b) zoomed in a 

photograph of the same film 

 

 Characterisation of Cellulosefibrous Films Containing Graphite 

The three films synthesised with graphite (graphite-cellfib film, graphite-

cellfib-PNTf2 film and PPy-cellfib-PNTf2-BS-graphite film) were studied using infrared 

spectroscopy. The peaks from the cellulose, polypyrrole and IL plasticiser could be 

seen in the three films, as shown in Figure 3.48. No peaks from graphite appear 

because it does not contain any functional group [292], and its spectrum is featureless, 

as it can be seen in the figure (black plot). 
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Figure 3.48 Infrared stacked spectra of the graphite powder (black), graphite-cellfib film (red), 

graphite-cellfib-PNTf2 film (blue) and PPy-cellfib-PNTf2-BS-graphite film (green) 

 

Figure 3.49 shows the Raman spectra of the three films containing graphite 

(graphite-cellfib film, graphite-cellfib-PNTf2 film and PPy-cellfib-PNTf2-BS-graphite 

film), compared with the spectrum of graphite powder (starting material). With this 

technique, it was not possible to observe the two peaks that graphite usually shows 

at 1550 and 1350 cm-1, known as the G and D band, respectively [293]. The G band is 

due to the bond stretching of all pairs of sp2 atoms in both rings and chains and the 

D band corresponds to the bending modes of sp2 atoms in rings [294]. The only film 

that showed any peaks was the PPy-cellfib-PNTf2-BS-graphite film which, shows the 

peaks corresponding to the cellulose and polypyrrole. A possible reason for the 

absence of the graphite peaks can be that the graphite used is presented as 

amorphous carbon which does not show these two peaks [295]. 
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Figure 3.49 Raman stacked spectra of the graphite powder (black), graphite-cellfib film (red), 

graphite-cellfib-PNTf2 film (blue) and PPy-cellfib-PNTf2-BS-graphite film (green). Spectra 

normalised and re-plotted using Spectrogryph 

 

Figure 3.50 shows the thermograms of the three films obtained after the 

addition of graphite. In the case of the graphite-cellfib film (red plot), the 

decomposition temperature obtained was 235 ⁰C, similar to that of the 

cellulosefibrous film. When the IL plasticiser was added to form a graphite-cellfib-

PNTf2 film the temperature raised to 263 ⁰C and, in the case of the PPy-cellfib-PNTf2-

BS-graphite film the onset temperature was 283 ⁰C. The same behaviour was observed 

when the polypyrrole-cellulosefibrous films were studied (section 3.6.2), where the 

addition of the IL plasticiser [P6 6 6 14][NTf2] and the dopant benzenesulfonate, resulted 

in an increase of the thermal stability.  

A larger amount of residue can be observed in thermograms of the graphite-

cellfib and graphite-cellfib-PNTf2 films, due to the existence of graphite which has a 

higher thermal stability [296]. In the case of the PPy-cellfib-PNTf2-BS-graphite film, 

the residue was reduced considerably, very similar to the polypyrrole-cellulosefibrous 

films showed in the section 3.6.2. 
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Figure 3.50 Thermogram of the graphite-cellfib film (red), graphite-cellfib-PNTf2 film (blue) 

and PPy-cellfib-PNTf2-BS-graphite film (green) 

 

SEM images of these three composite films containing graphite are shown in 

Figure 3.51 with a magnification of 1K. All of them showed a rough surface and better 

physical uniformity than in the other films prepared.   

Each image from Figure 3.51 contains the EDX spectra that shows the elemental 

analysis carried out for each film. All of them show an increase in the wt % of the 

carbon in comparison to a cellulosefibrous film which can be attributed to the graphite 

addition, therefore, indicating the existence of graphite in the films. 

Table 3.17 Elemental composition of the cellulosefibrous film and the cellulosefibrous films 

containing graphite using EDX 

Films C / % O / % N / % P / % S / % F / % Cl / % 

Cellulosefibrous film 63.7 36.3     - 

graphite-cellfib film 86.2 13.8     - 

graphite-cellfib-PNTf2 film 91.5 8.3  0.1   - 

PPy-cellfib-PNTf2-BS-graphite 70.1 14.4  1.2 2.8 11.5 - 
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Figure 3.51 a) SEM image with magnification 1K and EDX spectra of graphite-cellfib film, b) 

SEM image with magnification 1K and EDX spectra of graphite-cellfib-PNTf2 film and c) SEM 

image with magnification 1K and EDX spectra PPy-cellfib-PNTf2-BS-graphite film (presence of 

Au from sputtering) 

 

3.8. Flexible Composite Electrodes Fabrication and Characterisation 

The development of the composite films described in sections 3.6 and 3.7 

facilitated the fabrication and optimisation of three different composite electrodes. 

Table 3.18 shows the composite films obtained with this optimised procedure, 

together with their names and wt % compositions. These three flexible composites 

were shortlisted to be used for the fabrication of three types of supercapacitor devices 

that will be discussed in the upcoming chapters. Henceforth, the names displayed in 

Table 3.18 will be the names used for the flexible electrodes in the remaining chapters 

of this thesis. 
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Table 3.18 Composite electrode names and their composition 

Composite electrode 

names 

Composition and % by weight of [C4mim]Cl (solvent IL) 

graphite-cellfib-IL 

plasticiser 

10 wt % graphite, 10 wt % fibrous cellulose and 10 wt % 

[P6 6 6 14][NTf2] IL plasticiser 

PPy-cellfib-IL 

plasticiser 

10 wt % of pyrrole, 10 wt % fibrous cellulose, 10 wt % [P6 6 6 14][NTf2] 

IL plasticiser and benzenesulfonate  

PPy-cellfib-IL 

plasticiser-graphite 

10 wt % of pyrrole, 10 wt % fibrous cellulose, 10 wt % [P6 6 6 14][NTf2] 

IL plasticiser, benzenesulfonate and 10 wt % graphite 

 

 Fabrication of Flexible Composite Electrodes  

The preparation of the flexible electrodes started by adding 3.235 g of 

[C4mim]Cl in a 100 mL round bottom flask equipped with a mechanical stirrer and 

heated under nitrogen at 100 ºC until it was melted and the fluidity increased. 10 wt % 

of fibrous cellulose was added, stirred and heated at 100 ºC for 2 hours, as previously 

described in section 3.2.1. 10 wt % [P6 6 6 14][NTf2] IL plasticiser (0.355 g, 0.05 mmol) 

was added to the mixture. The mixture was stirred until it became homogeneous.  

Graphite-cellfib-IL was prepared by adding 10 wt % graphite (0.358 g) to the 

cellulosefibrous-IL mixture obtained previously and stirred until a homogeneous 

mixture was obtained. In the case of the PPy-cellfib-IL plasticiser, the cellulose-IL 

mixture was cooled to r.t., the oxidant ammonium persulfate (0.113 g, 0.50 mmol), and 

dopant precursor, benzenesulfonic acid (0.211 g, 1.33 mmol), were added. The dopant 

quantity was 0.3 ± 0.1 mol relative to pyrrole. The mixture was stirred to homogeneity 

and then, 10 wt % of pyrrole (0.37 mL, 5.00 mmol) was added and stirred further to 

obtain a homogeneous solution. The PPy-cellfib-IL plasticiser-graphite composite film 

was prepared similarly to PPy-cellfib-IL plasticiser film followed by adding 10 wt % 

graphite (0.3938 g) to the mixture and stirred until a homogeneous mixture was 

obtained. When all the components were dissolved in [C4mim]Cl, the mixture was cast 

into a film between two proofing papers and using the bar No. 8 (wet film thickness 

100 μm) in a coating machine (K control coater model 101 from RK Printcoat 

Instruments). Subsequently, the wet film cast was immersed in a water bath (anti-

solvent) to regenerate the cellulose by removing the [C4mim]Cl IL. After being washed 

several times with deionised water, the films formed (Figure 3.52). They were then 

dried at r.t. in air for 24 hours and stored in a vacuum desiccator.  
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Figure 3.52 Pictures of the flexible composite electrodes a) graphite-cellfib-IL plasticiser film, 

b) PPy-cellfib-IL plasticiser film and c) PPy-cellfib-IL plasticiser-graphite film 

 

The chemical stability of one of the composite films in water and in phosphoric 

acid was studied; these two liquids were chosen because they are commonly used as 

electrolytes in electrochemical devices e.g. phosphoric acid could be a good candidate 

for solid-state electrolyte as it is reported in the literature [297]. The composite chosen 

was the PPy-cellfib-IL plasticiser-graphite film and it was soaked in water at room 

temperature for two years without any change observed visually (Figure 3.53 (a)), 

demonstrating the high stability of these composites in water. In the case of the 

phosphoric acid, the film disintegrated in less than 24 hours, as shown in Figure 3.53 

(b). Therefore, with this study, it can be said that the composites can be used as 

electrodes using non-acidic aqueous electrolytes.  

 
Figure 3.53 Picture of the PPy-cellfib-IL plasticiser-graphite film a) after two years soaked in 

water and b) after 24 h soaked in phosphoric acid where the film disintegrated 
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 Characterisation of Flexible Composite Electrodes 

 
Figure 3.54 Infrared spectra of graphite-cellfib-IL plasticiser film (blue), PPy-cellfib-IL 

plasticiser film (green) and PPy-cellfib-IL plasticiser-graphite film (red) 

 

Using infrared and Raman spectroscopy the identification of the compounds 

that composed the composite films was attempted. Figure 3.54 compares the infrared 

spectra obtained for the graphite-cellfib-IL plasticiser film (blue plot), PPy-cellfib-IL 

plasticiser film (green plot) and PPy-cellfib-IL plasticiser-graphite film (red plot). The 

most relevant peaks corresponding to the cellulose, IL plasticiser and polypyrrole were 

successfully identified using this technique, i.e., the broad peak around 3336 cm-1 

corresponded to the overlapped -OH and -NH stretching bands of the cellulose and 

polypyrrole, respectively. PPy-cellfib-IL plasticiser film (green) and PPy-cellfib-IL 

plasticiser-graphite film (red) showed the C=C stretching band from the pyrrole ring 

at 1567 cm-1 and the C-N stretching of the pyrrole at 1460 cm-1. In the three composite 

films, two peaks at 1350 and 1181 cm-1 can be observed, which corresponded to the 

S=O asymmetric and symmetric stretching, respectively. These two peaks belong to 

the anion, [NTf2], of the IL plasticiser, [P6 6 6 14][NTf2].  

In the case of the Raman spectroscopy, the spectra provided less information 

than with the infrared technique (Figure 3.55). The spectrum of the graphite-cellfib-IL 

plasticiser film (blue plot) showed only a flat baseline, whereas those of the PPy-

cellfib-IL plasticiser film (green plot) and PPy-cellfib-IL plasticiser-graphite film (red 

plot), gave peaks which can be attributed to the cellulose and polypyrrole, i.e., the 
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C=C backbone stretching from the polypyrrole can be found at 1610 cm-1, and the 

peak at 1340 cm-1 corresponds to the pyrrole ring stretching, S=O asymmetric 

stretching of the plasticiser and dopant (benzenesulfonate) and the H-C-O bending 

of the cellulose. The last peak to be discussed is the one at 930 cm-1 that is assigned 

to the C-H out-of-plane deformation of the pyrrole and the H-C-C of the cellulose 

and IL plasticiser.  

 
Figure 3.55 Raman spectra of graphite-cellfib-IL plasticiser film (blue), PPy-cellfib-IL 

plasticiser film (green) and PPy-cellfib-IL plasticiser-graphite film (red). Spectra normalised 

and re-plotted using Spectrogryph 

 

Figure 3.56 compares the thermal stability of the three composite films. Their 

decomposition temperatures follow the trend viz. PPy-cellfib-IL plasticiser-graphite 

film> PPy-cellfib-IL plasticiser film > graphite-cellfib-IL plasticiser film with values for 

the decomposition temperature of 283 ⁰C, 279 ⁰C and 263 ⁰C, respectively. These 

composite materials with thermal stabilities over 200 ⁰C cover most of the real world 

electronic device operational temperatures [184b]. 
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Figure 3.56 Thermogram of graphite-cellfib-IL plasticiser (blue), PPy-cellfib-IL plasticiser 

(green) and PPy-cellfib-IL plasticiser-graphite (red) 

 

Figure 3.57 shows the SEM images of the three composite film electrodes with 

a magnification of 1K. As it can be seen, their surfaces were rough which could be 

attributed to the porosity induced in the film due to IL plasticiser and polypyrrole as 

it was explained in the previous sections. In Figure 3.57 (b), corresponding to the PPy-

cellfib-IL plasticiser film, bright parts were observed and were accounted for 

integrated polypyrrole portions. From Figure 3.58 with a magnification of 10K, the 

different surface obtained for each composite film is displayed. Figure 3.58 (a) and (c) 

corresponds to the composite films which contain graphite and as it can be seen, the 

surface shows a layered profile. In the case of Figure 3.58 (c), which corresponds to 

the PPy-cellfib-IL plasticiser film, the surface presents a cauliflower shape over the 

cellulose matrix confirming the integration of polypyrrole over the cellulose matrix. 

Elemental analysis using EDX confirmed the presence of most of the elements 

that constituted the respective composite films, as it can be seen in Table 3.19. 

However, it was not possible to calculate the exact ratio between polypyrrole and 

cellulose as the molecular weight of the polymerised pyrrole was difficult to 

determine. For example, the graphite-cellfib-IL plasticiser film showed the presence 

of carbon, oxygen, fluorine, sulfur and phosphorous. In the case of the PPy-cellfib-IL 

plasticiser film, the presence of phosphorous and fluorine from the IL plasticiser and 

sulfur from IL plasticiser and dopant can be seen. PPy-cellfib-IL plasticiser-graphite 
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film showed all the elements contained in the composite and, in comparison to the 

PPy-cellfib-IL plasticiser film, the quantity of carbon is higher due to the addition of 

graphite. 

For the three films, there was no evidence of chlorine from the IL, [C4mim]Cl, 

used for the dissolution of the cellulose. Therefore, it can be said that any residual 

[C4mim]Cl remaining in the composite films was below the detection limit of EDX 

analysis (1 wt %).  

Table 3.19 Elemental composition of the flexible composite electrodes using EDX 

Composite film name C / 

wt % 

O / 

wt % 

F / 

wt % 

S / 

wt % 

P / 

wt % 

Cl / 

wt % 

Graphite-cellfib-IL plasticiser film 63.1 32.9 2.4 0.8 0.3 - 

PPy-cellfib-IL plasticiser film 62.3 35.1 - 1.3 1.0 - 

PPy-cellfib-IL plasticiser-graphite film 70.1 14.4 11.5 2.8 1.2 - 
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Figure 3.57 a) SEM picture with magnification 1K and EDX spectrum of a) graphite-cellfib-IL 

plasticiser film, b) PPy-cellfib-IL plasticiser film and c) PPy-cellfib-IL plasticiser-graphite film 

(presence of Au from sputtering) 

 

 
Figure 3.58 SEM pictures with magnification 10K of a) graphite-cellfib-IL plasticiser film, b) 

PPy-cellfib-IL plasticiser film and c) PPy-cellfib-IL plasticiser-graphite film (presence of Au 

from sputtering) 

 

Electronically conducting polymers such as polypyrrole have poor mechanical 

integrity and generally form as powder or dispersions as was shown in section 3.5 [50]. 

This inherent brittle nature of the polymer limits its usage in practical implementation 

in devices. The mechanical properties of polypyrrole may be improved by templating 

on cellulose but they can be poorly adherent to the cellulose matrix leading to attrition 

as shown in section 3.6.2 [184b]. The composites developed in this thesis, however, as 

cellulose and polypyrrole are chemically blended homogeneously via hydrogen 

bonding, as it was demonstrated by infrared spectroscopy in section 3.6.2 [184b], were 

more stable to attrition.  

The mechanical properties of the composite films were measured through the 

tensile strength test method in collaboration with Dr Bronagh Millar from the Polymer 

Processing Research Centre at the Queen’s University of Belfast and Ms Claire 

Anderson, MEng student in Mechanical and Aerospace Engineering. The chemical 

synthetic work and tensile strength testing of the composite films were carried out by 

myself. 

The tensile strength test measures the force required to break a material when 

an elongation or stretching of the material is applied until its breaking point [298]. 

The results obtained can be used to determine Young’s Modulus, tensile strength, 

strain and elongation at the yield and break points. For this measurement, there are 

several factors that must be taken into account such as the material thickness, speed 

of testing or type of grips used to obtain precise and comparable results [299].  
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Figure 3.59 Instron instrument used to measure the polymer properties of the films obtained 

 

The Instron instrument used for the tensile strength test is shown in Figure 

3.59 and it is capable to measure Young’s Modulus or, in other words, the modulus of 

elasticity that is the index of the stiffness of the material under study [299]. Other 

properties measured using this instrument are the values of stress and strain that are 

used to plot a stress-strain curve which, gives the ultimate strength, yield point and 

elastic limit of a material, as it was explained in section 2.1.3.3. 

The experimental procedure consisted of cutting the samples in a rectangular 

shape and size of 10 x 15 mm and measure their thickness (using a Micrometre Screw 

Gauge) that is required for the program calculations. For this measurement, three 

samples of each film were tested. After preparing the samples, they were inserted, one 

by one, between the hydraulic grips, covered by a paper to protect the samples. In the 

Instron instrument, the load was balanced, and the test was started, which consisted 

of elongating the materials using a speed of 5 mm min-1, until failure. After fracture, 

the program recorded the stress-strain curve (Figure 3.60) from where the break stress 

and strain values and from which the software could calculate Young’s Modulus using 

Equation 3.1 [300]. 

𝑌𝑜𝑢𝑛𝑔′𝑠 𝑀𝑜𝑑𝑢𝑙𝑢𝑠 (𝑀𝑃𝑎) =  
𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑆𝑡𝑟𝑒𝑠𝑠 (𝑀𝑃𝑎)

𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑆𝑡𝑟𝑎𝑖𝑛 (%)
 Equation 3.1 
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Figure 3.60 Stress-strain curve of the three films obtained: graphite-cellfib-IL plasticiser film 

(blue), PPy-cellfib-IL plasticiser film (green) and PPy-cellfib-IL plasticiser-graphite film (red) 

 

From Figure 3.60 the stress-strain curve of the three composite films fabricated 

is displayed, where it can be seen how these three materials behave when a load is 

applied to them. The length of the curves in references to the stress axis indicates the 

strength of a material and in reference to the strain axis the materials’ ductility as t 

was explained in section 2.1.3.3. Therefore, among these three materials the graphite-

cellfib-IL plasticiser film (blue plot) is the most ductile and the PPy-cellfib-IL 

plasticiser-graphite film (red plot) is the strongest film.  

The Young’s Modulus of the three films are compared in Figure 3.61, where the 

modulus values decrease following the trend PPy-cellfib-IL plasticiser film (green) > 

PPy-cellfib-IL plasticiser-graphite film (red) > graphite-cellfib-IL plasticiser film (blue). 

Therefore, the PPy-cellfib-IL plasticiser film has the highest Young’s Modulus value 

amongst the three composite films. The three films were tested, and the 

measurements’ standard deviation was determined. Both films containing polypyrrole 

show the smallest standard deviation in comparison to the graphite-cellfib-IL 

plasticiser film that showed much larger variances. This could be due to a non-

homogeneous dispersion of the graphite in the films. The Young’s Modulus measures 

the resistance of a material to elastic deformation under load and, therefore, a high 

value means that the material is more rigid because it requires a higher load to 

elastically deform it, whereas, a low value means that the material is more flexible 

[300]. Given these points, the composite films with graphite show less rigidity (i.e. the 
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flexibility of the films increases, therefore, their stiffness decreases) in comparison with 

the PPy-cellfib-IL plasticiser because the graphite was added as a binder which is 

dispersed in the composite film, instead of chemically blended to the other 

components as happened to polypyrrole and cellulose [291].  

 
Figure 3.61 Young’s Modulus chart corresponding to graphite-cellfib-IL plasticiser (blue), 

PPy-cellfib-IL plasticiser (green) and PPy-cellfib-IL plasticiser-graphite (red). The standard 

deviation of the average is shown for each film 

 

 
Figure 3.62 Break stress and strain average values corresponding to graphite-cellfib-IL 

plasticiser (blue), PPy-cellfib-IL plasticiser (green) and PPy-cellfib-IL plasticiser-graphite (red). 

The standard deviation of the average is shown for each film 

 

The results of the break stress and break strain are shown in Figure 3.62. In the 

case of the break stress or ultimate tensile stress, the PPy-cellfib-IL plasticiser film 

showed the lowest average value which means that this film broke more quickly than 

the ones containing graphite. The break strain values reveal the elongation that the 

films can stand before they break. The values showed differences among the films, 

showing a much higher break strain value for the graphite-cellfib-IL plasticiser film 

than in the case of the other two films containing polypyrrole. Therefore, the graphite-

cellfib-IL plasticiser film elongated more before the breaking point in comparison the 

other two films. This result agreed with Young’s Modulus value obtained for the 
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graphite-cellfib-IL plasticiser film that revealed that it was the most flexible of the 

three films.  

The Young’s Modulus and ultimate tensile strength values obtained for these 

three composite films were comparable to those reported in the literature for 

regenerated cellulose films from ionic liquids [252,301], and also, for polypyrrole 

composite films; e.g. for a conducting composite film based on crosslinked 

poly(styrene-butyl acrylate-hydroxyethyl acrylate) and PPy developed by Yin et al. 

[302], the tensile strength and Young’s Modulus were 4.2 MPa and 46.8 MPa, 

respectively. In addition, the results obtained for these three composites films were 

very similar to the results obtained by Ms Claire using composite films with different 

components such as poly(3,4-ethylenedioxythiophene) showing Young’s Modulus 

values between 50 and 150 MPa, ultimate tensile strength values between 2 and 6 

MPa, and break strain around ~ 5 % [303]. 

The last technique applied for the characterisation of the composite films was 

the cyclic voltammetry (CV), i.e., the electrochemical investigation of the composites 

using them directly as working electrodes, with an area of 1 cm2, was carried out. The 

CV experiment involved the application of a potential to the working electrode 

(composite films synthesised) and monitoring the variation in current with time.  

To perform the CV experiment, a three-electrode set-up was used with 

working, reference and counter electrodes. A current-potential curve was recorded 

using a potentiostat for controlling the voltage between the working and the 

reference electrodes and for measuring the current flow between the working and the 

counter electrodes. The potentiostat is an amplifier that can control the potential drop 

between the working electrode and the electrolyte solution [304].  

Figure 3.63 shows the cyclic voltammogram obtained from the three 

composite films and a cellulosefibrous film synthesised previously to compare their 

electrochemical performance. As it can be seen, the films graphite-cellfib-IL plasticiser, 

PPy-cellfib-IL plasticiser and PPy-cellfib-IL plasticiser-graphite showed electroactivity, 

related to a capacitive response, unlike the cellulosefibrous film which exhibits a 

resistor response indicating, as expected, that it is not a conducting material. 

The graphite-cellfib-IL plasticiser film (blue) showed electroactivity, indicating 

that this film is a conducting material due to the addition of graphite. In the case of 
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PPy-cellfib-IL plasticiser film (red) and PPy-Cellfib-IL plasticiser-graphite film (green), 

a well-defined faradaic response with a cathodic peak around -0.3 V, corresponding 

to the reduction of the polypyrrole, and an anodic shoulder around 0.2 V, from the 

oxidation of the polypyrrole, was observed [305]. These peaks are related to the 

doping state of the PPy (see section 1.5.1.3.2), i.e., when the PPy is reducing is also de-

doping and when the PPy is oxidising is doping. This electrochemical behaviour is 

related to the fast and reversible redox reactions in the PPy, as shown Equation 3.2. 

 
Equation 3.2 

Among the three composite films, there is a difference in current density i.e. 

the graphite-cellfib-IL plasticiser film showed a higher current density response in 

comparison to the other composite films containing PPy. This can be due to a 

dissimilar size of the working electrode (composite film), the conductivity of the films 

or different scan rate applied. As it was discussed previously, the size of the composite 

films was the same (1 cm2) and the scan rate was 20 mV s-1 for the three films, 

therefore, a difference in the conductivity of the film may be the reason for the 

increase in the current density. The conductivity change may be due to the hydrogen 

bonding between cellulose and PPy within the PPy-cellfib-IL plasticiser-graphite film 

which can decrease the conductivity in comparison to the graphite-cellfib-IL 

plasticiser film, where graphite is dispersed over the cellulose matrix.  

The electrochemical responses obtained for the composite films were tested 

using a standard electrolyte (0.1 M KCl aqueous solution) indicating that they could 

be used as electrodes in, for example, energy storage devices such as supercapacitors. 

The three films are expected to have different storage behaviour if they are used as 

electrodes in a supercapacitor; in the case of graphite-cellfib-IL plasticiser film an 

electrostatic mechanism (double-layer capacitance) is expected and for the PPy-

cellfib-IL plasticiser film and PPy-cellfib-IL plasticiser-graphite film, an electrochemical 

mechanism (pseudocapacitance) is likely, because of the polypyrrole oxidation and 

reduction. 
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Figure 3.63 Cyclic voltammogram of the films synthesised as working electrodes: graphite-

cellfib-IL plasticiser film (blue), PPy-cellfib-IL plasticiser film (red) and PPy-cellfib-IL 

plasticiser-graphite film (green) and a previous cellulosefibrous film (black). The potential 

range chosen was from −1.0 to +0.5 V vs. Pt wire at the scan rate of 20 mV s−1 in 0.1 M KCl 

aqueous solution and at 25 ± 2⁰C 

 

3.9. Summary and Conclusions 

In this Chapter, the fabrication of novel and flexible cellulose-based composites 

was discussed.  

Ionic liquid technology was employed to dissolve cellulose using, [C4mim]Cl, 

and to obtain free-standing cellulose-based films through the cellulose regeneration 

process using an anti-solvent (water). The one-pot synthesis proposed was an in situ 

polymerisation of an electronically conducting polymer (polypyrrole) over a solution 

of an oxidant and dopant mixed in the cellulose-IL solvent mixture. The addition of 

polypyrrole had the purpose to induce electroactivity to the cellulose-based 

composites. Other components i.e. IL as plasticisers and graphite were added to 

induce flexibility and more conductivity to the composite films, respectively. The 

hydrophobic IL, [P6 6 6 14][NTf2], was incorporated successfully in the cellulose matrix to 

induce plasticity and also, to facilitate electro-wetting if they are used as electrodes. 

In the case of the graphite powder, it remained as a dispersion in the cellulose matrix 

and it improved the fluidity and conductivity of the films.  

In summary, an effective method for fabricating thin, lightweight and flexible 

free-standing cellulose-based composites was presented. They were analysed and 

characterised using infrared and Raman spectroscopy. Their thermal stability was 
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analysed by thermal gravimetric analysis, showing that the film with the highest 

decomposition temperature of 283 ⁰C was the PPy-cellfib-IL plasticiser-graphite film. 

The morphology of the composite films surface was studied using scanning electron 

microscopy and using the energy dispersive X-Ray attachment the components of the 

composite films were further analysed. 

These electronically conducting polymer-biopolymer-IL plasticiser composites 

that are chemically blended can be a novel class of electronically active materials that 

can be used as electrodes in different applications such as energy storage devices.  

The chemical interaction between polypyrrole and cellulose was corroborated 

by infrared spectroscopy and thermal analysis. As the flexibility of the composites was 

confirmed by tensile strength test with Young’s Modulus around 50 MPa, and their 

electroactivity by cyclic voltammetry, these films can be applied as flexible electrodes 

in flexible supercapacitors. 

These materials have the potential to be tuned in terms of physicochemical 

properties; they could also be used in flexible electronic devices such as actuators, 

antistatic coatings when designed accordingly by carefully choosing the appropriate 

components needed for the specific application. 
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Flexible energy storage devices (FEDs) are systems that can store and release 

electric charge under physical deformation, as it was discussed in section 1.7. FESDs 

can be used in portable electronic devices that are utilised in our daily life, such as 

laptops, smartphones and tablets and also, they are promising devices for biomedical 

applications which supply the necessary power for health monitoring and treatment 

purposes [306]. Currently, the use of harmful organic solvents, electrolyte leakages, 

potential explosion, and high internal resistance are hazards associated with using 

lithium batteries to power-up medical implants. These rigid energy devices are also 

implanted under the skin, wired to a medical device, and this can cause patient 

discomfort who must adapt their body shapes to fit these rigid batteries. Replacement 

of lithium batteries with flexible supercapacitors composed of biocompatible organic 

composites and green electrolytes would, therefore, be highly advantageous for 

biomedical applications [249]. 

From the procedure developed in Chapter 3, three different flexible composite 

electrodes were obtained, and were used to fabricate three different flexible 

supercapacitors: (a) electrical double-layer supercapacitor (EDLS), (b) electrochemical 

supercapacitor (ES) and (c) hybrid supercapacitor (HS). This chapter will be dedicated 

to the fabrication, chemical characterisation and electrochemical testing of an 

electrical double-layer supercapacitor (EDLS). The electrochemical supercapacitor (ES) 

and the hybrid supercapacitor (HS) will be discussed in chapter 5 and 6, respectively. 

Table 4.1 correlates the composite electrodes obtained with the corresponding 

flexible supercapacitors fabricated and subsequently, the chapter where they are 

discussed. The composition of each composite film was displayed in Table 3.18. 

Table 4.1 Correlation among the composite electrodes and the flexible supercapacitors 

fabricated from them. Also, the chapter where they are explained is displayed  

Composite electrodes Flexible supercapacitors Explained in… 

Graphite-cellfib-IL plasticiser Electrical double-layer 

supercapacitor (EDLS) 

Chapter 4 (current 

one) 

PPy-cellfib-IL plasticiser Electrochemical supercapacitor 

(ES) 

Chapter 5 

PPy-cellfib-IL plasticiser-graphite Hybrid supercapacitor (HS) Chapter 6 
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The flexible supercapacitors described in this chapter were symmetric EDLSs 

using graphite-cellfib-IL plasticiser composite films as both electrodes. In these 

electrodes, an electrical double-layer mechanism (see section 1.4.1) was established 

due to the graphite component. [C2mim][NTf2] and [C2mim][FAP] ILs were chosen as 

electrolytes to be used in the devices. These inherently homogeneous and flexible 

composite electrodes [184b] constitute more durable electrodes and, ionic liquids are 

considered safe replacements for organic solvent/aqueous based electrolytes as they 

are non-flammable, they impart longer cycle life, have wide operational voltage (EW) 

and could be incorporated into biopolymer membranes such as cellulose to provide 

solid-state electrolytes with no leakage issues and low internal resistance [72]. 

Different electrochemical techniques were used in this chapter to carry out the 

EDLSs characterisation. Cyclic voltammetry was utilised for the study of the 

electrochemical window of the ionic liquids (electrolytes), as well as, for the 

operational voltage of the devices and the calculation of the specific and areal 

capacitance of the supercapacitor during the cycle life and the bending study. 

Galvanostatic charge-discharge (GCD) was applied to study the rate capability of the 

supercapacitors and, electrochemical impedance spectroscopy (EIS) was employed to 

study the charge transfer and ion diffusion properties of the electrodes in the SCs 

during the cycle life. A brief introduction of these three techniques and their theory is 

discussed in Appendix B. Also, the chemical nature, thermal stability and morphology 

of the composite films, as fresh films and after using them as electrodes for 15000 

charge-discharge cycles in the flexible supercapacitor, were analysed.  

4.1. Experimental Part 

In this section, the experimental part related to the electrochemical study of two 

ILs as electrolytes using different working electrodes and temperatures is shown. In 

addition, the fabrication of a set of electrical double-layer supercapacitors using the 

two ILs, previously studied as the electrolytes, is presented, as well as, their 

electrochemical characterisation.  

 Electrochemical Study of Ionic Liquids as Electrolytes 

The electrochemical window of the electrolytes was studied using cyclic 

voltammetry. The ionic liquids studied were 1-ethyl-3-methylimidazolium 
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bis{(trifluoromethyl)sulfonyl}amide, [C2mim][NTf2], and 1-ethyl-3-methylimidazolium 

tris(pentafluoroethyl)trifluoro phosphate, [C2mim][FAP]. Both ILs were donated by 

Merck and used without any further purification. The purity of both ILs was checked 

by 1H and 13C NMR (see Appendix A.1) and the water content of both ILs was 

determined using the Karl Fischer titration method. The water content for 

[C2mim][NTf2] was 150 ppm and for [C2mim][FAP] was 130 ppm. 

The three electrodes cell set-up showed in Figure 4.1 was used. The 

measurements were carried out by degassing the electrolyte (i.e., bubbling Argon into 

the IL to remove the existing O2 and water) and during all the experiments an Argon 

current was passed through using the inlet of the cell (yellow inlet showed in Figure 

4.1). The experiments were performed at two different temperatures, 25 ± 2 ⁰C and 

70 ± 2 ⁰C (controlled by a thermometer and a temperature control probe) using three 

different working electrodes: platinum (Pt), gold (Au) and glassy carbon (GC). A 

platinum wire was used as the counter electrode and an Ag|Ag+ electrode (Ag|10 mM 

AgNTf2 in [C2mim][NTf2]) as the reference electrode (the reference electrode was 

fabricated and calibrated as is explained in Appendix D). The reference electrode was 

placed as close as possible to the working electrode (0.5 mm) to minimise the cell 

resistance. An IL-based reference electrode was used to avoid the contamination from 

the water and in order to obtain highly accurate and reproducible electrochemical 

measurements [307]. The ionic liquids were tested both as neat electrolytes an also 

containing an internal standard (10 mM of ferrocene dissolved in the electrolyte). 

The electrochemical cell was connected to a potentiostat Autolab PGSTAT302N 

from Eco Chemie with GPES software to conduct the cyclic voltammetry. The 

electrochemical characteristics were determined at different scan rates (50, 100 and 

500 mV s-1), starting from the open circuit potential and from cathodic to anodic 

potentials and reversing back. The anodic and cathodic limits were established at the 

potential at which current reached higher than 0.05 mA which was selected as the cut-

off current to calculate the EWs [266].  
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Figure 4.1 Photograph of the three-electrode set-up used for measuring the EW of the ILs 

under an Argon blanket; the metal probe controlled the temperature of the sand bath. The 

picture on the right shows the schematic representation of the electrochemical cell with the 

colour code assignation for the electrodes: working (red), reference (blue) and counter 

(black) electrodes and an inlet for the Argon current (yellow) 

 

 Fabrication of the Flexible EDLS 

The preparation of the graphite-biopolymer-ionic liquid plasticiser (graphite-

cellfib-IL plasticiser film) composite electrode used in the electrochemical double-

layer supercapacitors was carried out using the procedure reported in section 3.8 

[184b]. All composite films used as electrodes were dried prior to assembly in a 

vacuum desiccator for 48 h. 

The fabrication of the flexible and symmetrical supercapacitors was carried out 

by punch-cutting 1 cm2 size sheets of the composite electrodes, sandwiched with a 

1.5 cm2 paper sheet separator (lab tissue paper) dip-coated with the IL electrolytes 1-

ethyl-3-methylimidazolium bis{(trifluoromethyl)sulfonyl}amide ([C2mim][NTf2]) or 1-

ethyl-3-methylimidazolium tris(pentafluoroethyl)trifluorophosphate, ([C2mim][FAP]) 

as shown in Figure 4.2. Conventional kitchen aluminium foil (surface activation by 

methanol polishing) was used as current collectors and waterproof polyester self-

adhesive sheets from Labelplanet were used for packaging. Total device thickness of 

this supercapacitor (excluding current collectors) was around ~ 250 m (measured by 

a digital ruler with an error of 10 m) leading to an ultrathin flexible assembly [308]. 

WE 

RE 

CE 
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Figure 4.2 Scheme of the fabrication process of the flexible supercapacitor using the 

composite electrodes fabricated and the dip-coated paper separator for the final assembly of 

the flexible supercapacitor 

 

 Electrochemical Study of the EDLS Fabricated 

The performance of the flexible supercapacitors was characterised using a 

Potentiostat/Galvanostat with GPES software by cyclic voltammetry (CV) 

measurements and galvanostatic charge-discharge (GCD) studies. Electrochemical 

impedance spectroscopy (EIS) was measured using the same potentiostat with a built-

in frequency response analyser (FRA) by a frequency logarithmically swept from 100 

KHz to 10 mHz with an AC perturbation of 10 mV at the open-circuit potential. All the 

electrochemical characterisations were carried out using a two electrodes system at 

room temperature (25 ⁰C ± 2 ⁰C) i.e. using the fabricated supercapacitors directly for 

the study. The composite films as electrodes were the positive and negative electrodes 

of the device and they were connected, through the aluminium current collectors, to 

the terminal ports: one was the working electrode and the other was the reference 

and counter electrodes together. 

The procedure to characterise the devices was carried out as follows: After the 

assembly of the supercapacitors, they were stored in a vacuum desiccator to settle 

down for 24 hours. The first technique used was EIS at the open-circuit potential 

(OCP), followed by the CV and GCD experiments that were carried out after the 

equilibration time for each supercapacitor was achieved to obtain the stable OCP of 

the supercapacitor. The OCP is the potential of the system at which there is no external 

current applied, it is known also as the equilibrium potential which in the case of 

symmetric supercapacitors should be zero or near zero due to the same electrodes 

composition [309].  
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Figure 4.3 (a) shows the experimental set-up used to carry out the 

electrochemical study of the devices and Figure 4.3 (b) shows the experimental set-

up for the bending study with an angle of 120 degrees using a glass sample bottle as 

a guide. In both cases, a sand bath was used to keep the temperature of the devices 

at 25 ⁰C ± 2 ⁰C. The bending study was carried out for 10 cycles at the bending angle 

of 120 degrees, and the 10th cyclic voltammogram was used for analysis (after the 

system stabilised). 

 
Figure 4.3 Two-electrodes device system (set-up) used for the electrochemical measurements 

with temperature control using a sand bath at 25 ± 2 ⁰C a) no bending angle applied and b) 

120 degrees bending angle applied 

 

4.2. Results and Discussion 

 Measurement of the Electrochemical Window of Ionic Liquids 

Electrolytes 

The electrochemical study of two ILs was carried out to obtain their 

electrochemical window, that will be later compared to the supercapacitors’ EWs using 

the same two ILs as the electrolytes. The electrochemical window refers to the 

chemical stability between the anodic and cathodic limits of the electrolyte with a 

given electrode, i.e. the potential range where the electrolyte does not suffer either 

an oxidation or reduction on a given electrode and normally noble metals such as Pt, 

Au and glassy carbon (non-metals) are used for standard measurements [27]. These 

electrodes are chosen on the merit that they are more stable in general and do not 

participate in Faradaic reactions with the electrolyte. Therefore, for a general study on 

electrochemical windows non-reactive electrodes are used to make sure that the EW 
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best describes the inherent nature of the electrolyte. Figure 4.4 shows the typical cyclic 

voltammogram of an IL and how to extract the EW from the difference values between 

the anodic (EAL) and cathodic limits (ECL) obtained at certain current or current density 

which is called cut-off current, as shown in Equation 4.1. 

𝐸𝑊 = 𝐸𝐴𝐿 − 𝐸𝐶𝐿 Equation 4.1 

The choice of the cut-off current is arbitrary, there is not an established value. 

Different values are reported in the literature due to the strong dependence in the 

mass transport of the electrolyte and also the working electrode and scan rate utilised, 

making very difficult to compare definitively the EW values of ILs [310]. From the 

literature, general cut-off current values are between 0.01 and 5.0 mA. For this thesis, 

the cut-off value chosen was 0.05 mA. It is also worth mentioning that the small peaks, 

shoulders or plateaus observed in the CVs were neglected for the EW calculation if 

their currents were below the limit of the cut-off current (due to their very low current 

density); nevertheless, they will be analysed in this chapter.  

 
Figure 4.4 Typical cyclic voltammogram of ILs, showing the anodic and cathodic limits and 

how the extraction of the EW is carried out [27] 

 

The first ionic liquid studied was 1-ethyl-3-methylimidazolium bis{(trifluoro 

methyl)sulfonyl}amide, [C2mim][NTf2], and its structure is shown in Figure 4.5. This IL 

is well known for its good characteristics such as high thermal and electrochemical 

stability, low viscosity, and, non-volatile and non-combustible nature [311,27]. Due to 

its known electrolyte characteristics and because it is important to use a known 

electrolyte to validate the new electrodes fabricated, it was chosen to be used as an 

electrolyte in the supercapacitors fabricated.  
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Figure 4.5 Structure of IL 1-ethyl-3-methylimidazolium bis{(trifluoromethyl)sulfonyl}amide, 

[C2mim][NTf2] 

 

The evaluation of the EW of the neat ILs was carried out obtaining their anodic 

and cathodic limits vs. a reference electrode, in this case, Ag|AgNTf2 in [C2mim][NTf2] 

(Ag|Ag+). These limits related to the degradation of the electrolyte on the application 

of over potential. It is well known that the cathodic limit corresponds to the cation 

reduction and the anodic limit is the anion oxidation [27]. In the case of the 

[C2mim][NTf2], the cation imidazolium can be reduced to a carbene [312] and the 

anion bis{(trifluoromethyl)sulfonyl}amide can be oxidised losing one electron, 

although it is not clear what compounds are obtained from the oxidation of the IL 

anion [313].  

Figure 4.6 shows three graphs in which three different working electrodes Pt, Au 

and GC were used and at different scan rates (50, 100 and 500 mV s-1). Figure 4.6 (a) 

shows the voltammogram obtained using Pt as the working electrode at different scan 

rates where an anodic peak around -0.35 V and a cathodic peak around -0.5 V were 

found which can be related to the reversible reactions of the hydrogen adsorption 

and desorption over the platinum electrode surface due to the existence of water in 

the system [140]. These peaks showed an increment of the current when faster scan 

rates were applied. This may occur due to the increase of the concentration gradient 

as it is established in Randles-Sevcik (Equation 4.2) at 25 ⁰C, where 𝑖𝑝 (A) is the peak 

maximum current, 𝑛 is the number of electrons transferred in the redox reaction, 𝐴 

(cm2) electrode area, 𝐷 (cm2 s-1) diffusion coefficient, 𝐶 (mol cm-3) is the concentration 

and 𝜈 (V s-1) corresponded to the scan rate.  

𝑖𝑝 = 268600 𝑛
3
2⁄  ∙ 𝐴 ∙ 𝐷

1
2⁄ ∙ 𝐶 ∙ 𝜈

1
2⁄  Equation 4.2 
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Figure 4.6 Cyclic voltammograms of [C2mim][NTf2] at 25 ± 2 ⁰C using different scan rates 50 

(purple), 100 (yellow) and 500 mV s-1 (pink) and different working electrodes a) Pt, b) Au and 

c) GC 

 

The voltammograms obtained using gold as working electrode (Figure 4.6 (b)) 

show an anodic peak around 1.7 V related to the formation of gold oxides (e.g. Au2O3) 

at the electrode surface in presence of water in the system through the 

electrooxidation of the gold electrode itself [314]. The gold oxide formed at positive 

potentials can be reduced back to elemental gold when the direction of the scan 

becomes negative, as it can be seen there is cathodic peak around 0.7 V that 

corresponds to the reduction of gold (III) oxide to metallic gold.  

The voltammogram obtained using glassy carbon as the working electrode, 

Figure 4.6 (c), showed capacitive behaviour due to the bigger surface area of the GC 

electrode. As in the other voltammograms, the current increased at faster scan rates 

and also, the water impurity can be deduced from the voltammogram due to a little 

hump at the cathodic current around 0.8 V. The EW values obtained from the 

voltammograms of Figure 4.6 are displayed in Table 4.2. 

Figure 4.7 shows the voltammograms obtained at 70 ± 2 ⁰C for the same three 

electrodes (Pt, Au and GC), and at different scan rates (50, 100 and 500 mV s-1). As it 

can be seen, the same peaks related to water appeared, and similar values of 

electrochemical windows were found, as it is shown in Table 4.2. 



Chapter 4: Flexible Double-layer Supercapacitors 

130 

 

As it was expected, the current density, generated in the cyclic voltammogram, 

increased when the experiment was recorded at high temperatures due to the drop 

in the viscosity of the electrolyte. Lower viscosities provoke to increase the mobility of 

the ions and therefore, the conductivity increases [130].  

 
Figure 4.7 Cyclic voltammograms of [C2mim][NTf2] at 70 ± 2 ⁰C using different scan rates 50 

(purple), 100 (yellow) and 500 mV s-1 (pink) and different working electrodes a) Pt, b) Au and 

c) GC 

 

Table 4.2 shows the EW values at the scan rate of 50 mV s-1 for the three 

electrodes and at 25 ± 2 ⁰C and 70 ± 2 ⁰C. As it can be seen, for both temperatures, 

the widest EW was obtained using the Au electrode. For this study, depending on the 

electrode used, the EW decrease at 25 ± 2 ⁰C as follows, Au > GC ~ Pt and, in the case 

of 70 ± 2 ⁰C, the sequence changed as follows, Au > Pt ~ GC. The EW values obtained 

for [C2mim][NTf2] agreed with the values found in the literature [315]; the maximum 

EW value obtained for [C2mim][NTf2] was 4.98 V at 25 ± 2 ⁰C using gold as the working 

electrode. A possible reason for the smaller EW using Pt and GC could be due to the 

greater reactivity of the Pt with the water and, in the case of the GC could be due to 

the double-layer charging effect. 

  



Chapter 4: Flexible Double-layer Supercapacitors 

131 

 

Table 4.2 EW, anodic and cathodic potentials vs. Ag|Ag+ of the IL [C2mim][NTf2] at the scan 

rate of 50 mV s-1 and at the cut-off current of 0.05 mA using Pt, Au and GC as the working 

electrodes at 25 ± 2 ⁰C and 70 ± 2 ⁰C 

25 ± 2 ⁰C (scan rate 50 mV s-1) 

Electrode EAL / V ECL / V EW / V 

Pt 2.02 -2.50 4.52 

Au 2.00 -2.98 4.98 

GC 1.73 -2.80 4.53 

70 ± 2 ⁰C (scan rate 50 mV s-1) 

Electrode EAL / V ECL / V EW / V 

Pt 1.86 -2.48 4.34 

Au 1.91 -2.83 4.74 

GC 1.55 -2.68 4.23 

 

Apart from the calculation of the EW of the neat electrolyte, the measurement 

of the EW using ferrocene as an internal standard was carried out, as displayed in 

Figure 4.8, allowing the comparison of the potential limits. An internal standard for 

electrochemical processes is a compound which can be used as a reference because 

it does not interact with the electrolyte species and has a well-defined reversible redox 

couple [316]. This criterion is adequately filled by ferrocene, but other compounds can 

be used as internal standard in ionic liquids e.g. cobaltocenium/cobaltocene redox 

couple [317]. 

 
Figure 4.8 Cyclic voltammograms of [C2mim][NTf2] at the scan rate of 50 mV s-1 using 

ferrocene as internal standard and different working electrodes: Pt (grey), Au (orange) and 

GC (black) at a) 25 ± 2 ⁰C and b) 70 ± 2 ⁰C 
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The electrochemical window was calculated taking into account the ferrocene 

redox couple peaks as an internal standard. Generally, the ferrocene|ferrocenium 

couple (Fc|Fc+) undergoes a reversible oxidation/reduction, as shown Equation 4.3. 

 

Equation 4.3 

As the ferrocene|ferrocenium couple is a one-electron reaction it exhibits a 

ferrocene peaks separation potential (ΔEFc|Fc+) of 0.059 V, as shown in Equation 4.4, 

where 𝐸𝐴𝑃 − 𝐸𝐶𝑃 (V) corresponds to the separation between the peak potentials (EAP 

for me anodic peaks and ECP for the cathodic peak) and 𝑛 is the number of electrons 

transferred [318].  

∆𝐸 =  𝐸𝐴𝑃 − 𝐸𝐶𝑃 ≅
0.059

𝑛
 Equation 4.4 

ΔEFc|Fc+ values obtained for this IL were higher in comparison to the typical or 

reversible processes as it can be seen in Table 4.3. Nevertheless, it was found in the 

literature that the values expected from the ferrocene couple in ILs are approximately 

0.081 V showing a quasi-reversible process [319]. It is reported that in non-aqueous 

solvents, a high solution resistance can exist which can be translated in large peak 

separations; in fact, the values obtained in this case agreed with the values found in 

the literature [316]. 

Equation 4.5 describes the EW calculation of the ILs considering the internal 

standard redox couple Fc|Fc+, where 𝐸𝐴𝐿 and 𝐸𝐶𝐿 are the anodic cathodic limits of the 

IL, respectively and, 𝐸𝐴𝑃 and 𝐸𝐶𝑃 corresponds to the anodic and cathodic peaks of the 

Fc|Fc+ redox couple. The EW values obtained vs. Fc|Fc+, using Equation 4.5, were very 

similar than in the case of the neat electrolytes, following the trend Au > Pt > GC at 

25 ± 2 ⁰C and Au > Pt > GC at 70 ± 2 ⁰C. Table 4.3 summarises the EW values at the 

scan rate of 50 mV s-1, using different working electrodes and at two different 

temperatures. 

𝐸𝑊 = (𝐸𝐴𝐿 − 𝐸𝐴𝑃) − (𝐸𝐶𝐿 − 𝐸𝐶𝑃) Equation 4.5 

The main difference was found for the EW using GC as the working electrode at 

70 ± 2 ⁰C. The EW was reduced 0.85 V from the neat IL to the IL vs. Fc|Fc+, due to the 
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presence of a shoulder before the anodic limit, which reduced the EW substantially. 

This peak at 1.32 V may be attributed to chloride oxidation (Equation 4.6) and the little 

shoulder at 0.70 V found in the reverse scan may be the chloride reduction peak [320]. 

The oxidation of chloride at a glassy carbon electrode can be assigned to Equation 

4.6. The origin of this impurity is not known due to the absence of chloride in the IL 

under study. 

 
Equation 4.6 

Table 4.3 EW, ΔEFc|Fc+, anodic and cathodic potentials vs. Fc|Fc+ of the IL [C2mim][NTf2] at the 

scan rate of 50 mV s-1 and at the cut-off current of 0.05 mA using Pt, Au and GC as the working 

electrodes at 25 ± 2 ⁰C and 70 ± 2 ⁰C 

25 ± 2 ⁰C (scan rate 50 mV s-1) 

Electrodes EAL / V ECL / V ΔEFc|Fc+ / V EW / V 

Pt 1.98 -2.50 0.078 4.40 

Au 1.98 -2.96 0.073 4.87 

GC 1.65 -2.80 0.073 4.38 

70 ± 2 ⁰C (scan rate 50 mV s-1) 

Electrodes EAL / V ECL / V ΔEFc|Fc+ / V EW / V 

Pt 1.69 -2.47 0.078 4.08 

Au 1.88 -2.88 0.068 4.69 

GC 1.10 -2.66 0.078 3.68 

 

The other IL studied was 1-ethyl-3-methylimidazolium tris(pentafluoroethyl) 

trifluoro phosphate, [C2mim][FAP], the structure of which is shown in Figure 4.9. This 

IL was chosen because of it is an attractive candidate for electrochemical applications 

as e.g. electrolyte due to its hydrophobicity, low viscosity and high electrochemical 

and thermal stabilities [321].  

 
Figure 4.9 Structure of the IL 1-ethyl-3-methylimidazolium tris(pentafluoroethyl) trifluoro 

phosphate, [C2mim][FAP] 

 

The same peaks seen above, from water impurities, were also found when using 

the Pt and Au working electrodes at 25 ± 2 ⁰C (Figure 4.10). In comparison to the 
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previous IL, [C2mim][NTf2], the electrochemical windows were wider, demonstrating 

that [C2mim][FAP] is more stable electrochemically. 

 
Figure 4.10 Cyclic voltammograms of [C2mim][FAP] at 25 ± 2 ⁰C using different scan rates 50 

(purple), 100 (yellow) and 500 mV s-1 (pink) and different working electrodes a) Pt, b) Au and 

c) GC 

 

 
Figure 4.11 Cyclic voltammograms of [C2mim][FAP] at 70 ± 2 ⁰C using different scan rates 50 

(purple), 100 (yellow) and 500 mV s-1 (pink) and different working electrodes a) Pt, b) Au and 

c) GC 
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The cyclic voltammograms of [C2mim][FAP] using three different working 

electrodes (Pt, Au and GC) vs. Ag|Ag+ at the temperature of 70 ± 2 ⁰C and at different 

scan rates 50, 100 and 500 mV s-1, are shown in Figure 4.11. 

The EWs for [C2mim][FAP] were wider than in the case of [C2mim][NTf2], as it can 

be seen in Table 4.4, with a maximum value of 5.65 V at 25 ± 2 ⁰C for the Pt electrode. 

The EW trend found, depending on the electrode used, was Pt > Au > GC at 25 ± 2 ⁰C, 

and in the case of 70 ± 2 ⁰C, the trend was Au > GC > Pt. The most relevant changes 

between both temperatures were found for the Pt and GC electrodes, with a decrease 

of their EW of ~ 1.6 V and ~ 0.59 V, respectively. This reduction in the EW was due to 

the decrease of both cathodic and anodic limits, and the reason could be that at 

70 ± 2 ⁰C there is a higher reactivity of the Pt with water and, in the case of the GC it 

could be due to the double-layer charging effect, as it was reported for [C2mim][NTf2] 

(page 129). 

Table 4.4 EW, anodic and cathodic potentials vs. Ag|Ag+ of the IL [C2mim][FAP] at the scan rate 

of 50 mV s-1 and at the cut-off current of 0.05 mA using Pt, Au and GC as the working electrodes 

at 25 ± 2 ⁰C and 70 ± 2 ⁰C 

25 ± 2 ⁰C (scan rate 50 mV s-1) 

Electrode EAL / V ECL / V EW / V 

Pt 2.64 -3.01 5.65 

Au 2.57 -3.02 5.59 

GC 2.21 -2.89 5.10 

70 ± 2 ⁰C (scan rate 50 mV s-1) 

Electrode EAL / V ECL / V EW / V 

Pt 1.81 -2.24 4.05 

Au 2.50 -2.91 5.41 

GC 1.80 -2.71 4.51 

 

Figure 4.12 shows the cyclic voltammograms of [C2mim][FAP] using ferrocene 

as the internal standard for the three electrodes at the scan rate of 50 mV s-1 and two 

different temperatures 25 ± 2 ⁰C and 70 ± 2 ⁰C, where the ferrocene couple can be 

found at potentials around -0.3 V.  
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Figure 4.12 Cyclic voltammograms of [C2mim][FAP] at the scan rate of 50 mV s-1 using 

ferrocene as internal standard and different working electrodes: Pt (grey), Au (orange) and 

GC (black) at a) 25 ± 2 ⁰C and b) 70 ± 2 ⁰C 

 

From the voltammograms, the EW values of the IL were calculated with respect 

to the ferrocene couple peak potentials (Equation 4.5) as is shown in Table 4.5. The 

maximum EW value obtained vs. Fc|Fc+ was 5.57 V using the Au electrode at 25 ± 2 ⁰C, 

being 80 mV smaller than the one obtained for the neat IL (5.65 V at 25 ± 2 ⁰C for the 

Pt electrode). The sequence for the stability of this IL vs. Fc|Fc+ at 25 ± 2 ⁰C, depending 

on the electrode, was Au > Pt ~ GC and, in the case of 70 ± 2 ⁰C, the sequence was Pt 

> Au > GC. All the EW values vs. Fc|Fc+ found for [C2mim][FAP] were greater than 5 V 

except for the GC electrode at 70 ± 2 ⁰C (4.05 V), showing a decrease of 1.25 V in 

comparison of the EW vs. Fc|Fc+ at 25 ± 2 ⁰C. 

Table 4.5 EW, ΔEFc|Fc+, anodic and cathodic potentials vs. Fc|Fc+ of the IL [C2mim][FAP] at the 

scan rate of 50 mV s-1 and at the cut-off current of 0.05 mA using Pt, Au and GC as the working 

electrodes at 25 ± 2 ⁰C and 70 ± 2 ⁰C 

25 ± 2 ⁰C (scan rate 50 mV s-1) 

Electrodes EAL / V ECL / V ΔEFc|Fc+ / V EW / V 

Pt 2.73 -2.66 0.079 5.31 

Au 2.59 -3.04 0.064 5.57 

GC 2.53 -2.90 0.122 5.31 

70 ± 2 ⁰C (scan rate 50 mV s-1) 

Electrodes EAL / V ECL / V ΔEFc|Fc+ / V EW / V 

Pt 2.67 -2.93 0.087 5.51 

Au 2.47 -2.89 0.074 5.29 

GC 1.50 -2.67 0.122 4.05 
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Comparing the electrochemical test results for these two ILs it can be said that 

the IL [C2mim][FAP] is more electrochemically stable than [C2mim][NTf2], and shows 

an increment in the EW of at least ~ 0.3 V. The maximum difference in the EW is of 

1.1 V, found for the Pt electrode at 25 ⁰C. This increase in the EW was driven by both 

the anion and cation. The anion oxidation corresponds to the anodic limit and shows 

a maximum rise of ~ 0.6 V for [C2mim][FAP] in comparison to [C2mim][NTf2]. In the 

case of the cathodic limits, which is related to the cation reduction, [C2mim]+, the 

maximum difference in the potential values was ~ 0.5 V. The cathodic limit variation 

could be related to the water content in the ILs, as the same cation, [C2mim]+ is used 

in both systems [322]. 

These two ILs showed that the EW values decreased ~ 100 mV when the 

experiment was carried out at 70 ± 2 ⁰C in comparison to the EWs at 25 ± 2 ⁰C. The 

drop in EW was rather small, therefore, it can be said that these two ILs are stable 

electrochemically at higher temperatures on standard electrodes.  

The electrode that procured the widest EW for these ILs was Au for 

[C2mim][NTf2] at 25 ± 2 ⁰C (4.98 V) and 70 ± 2 ⁰C (4.74 V) and, in the case of 

[C2mim][FAP] the larger EW was obtained with different electrodes depending on the 

temperature i.e. the maximum EW was found 5.65 V with the Pt electrode at 25 ± 2 ⁰C 

and, at 70 ± 2 ⁰C the Au electrode showed the widest EW (5.41 V).  

In the case of the EWs trends depending on the electrode used and at different 

temperatures, differences between neat ILs were found. In the case of [C2mim][NTf2] 

the EW trend was Au > Pt > GC at both temperatures and, for [C2mim][FAP] the trend 

at 25 ± 2 ⁰C was Pt > Au > GC and Au> GC > Pt at 70 ± 2 ⁰C. From these results, it can 

be said that [C2mim][NTf2] is more electrochemically stable using gold as the working 

electrode at different temperatures and, in the case of [C2mim][FAP], the highest 

electrochemical stability was obtained using platinum and gold as working electrodes 

at 25 ± 2 ⁰C and 70 ± 2 ⁰C, respectively.  

 Electrochemical Study of the EDLS Fabricated Using [C2mim][NTf2] as 

the Electrolyte 

The electrochemical study of a set of three EDLSs with graphite-cellfib-IL 

plasticiser composite films as electrodes, and using [C2mim][NTf2] as the electrolyte 
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was carried out to establish their energy storage device capabilities. All the 

electrochemical measurements were performed as a two-electrode system at 

25 ± 2 ⁰C, to make it similar to that used in practical applications (Figure 4.2). 

An EDLS is an energy storage device with an electrostatic storage mechanism 

which means that no redox reactions are involved. The active material was the 

graphite from the graphite-cellfib-IL plasticiser composite film, compromising a 33.3 

wt % of the total weight at each electrode. The total mass of the active material was 

5.0 ± 1.0 mg, the area 1 cm2 and the thickness of the electrodes 130 ± 30 µm. 

For the set of three EDLS devices using [C2mim][NTf2] as the electrolyte, the 

open-circuit potential (OCP) found was 0.06 ± 0.02 V, which is near zero as it was 

expected (see section 4.1.3). 

4.2.2.1. Cyclic Voltammetry  

The first feature to consider in a new device is its operational voltage (EW). The 

EW procurement consists of a CV test that applies a linearly changed electric potential 

between positive and negative electrodes for two-electrode systems using a speed 

potential change in V s-1 named as scan rate (𝜈) [323].  

 
Figure 4.13 Ideal cyclic voltammogram for a double-layer supercapacitor 

 

An ideal double-layer supercapacitor gives a rectangular cyclic voltammogram 

(Figure 4.13), governed by Equation 1.1 (𝐶 =
𝑄

𝐸𝑊
). The rectangular voltammogram is a 

qualitative criterion to judge the capacitive behaviour of a device or an electrode 

material that is governed by Equation 4.8, where 𝑖 (A) is the current flowing through 

the device, 𝐶 (F) is the capacitance and 𝜈 (V s-1) correspond to the scan rate.  

Equation 4.8 is obtained differentiating Equation 1.1 against time, considering 

the capacitance (C) as constant and assuming that the potential varies linearly with 
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the time, then 𝑑𝐸𝑊 𝑑𝑡 = 𝜈⁄ . Equation 4.7 was simplified more considering 𝑑𝑄 𝑑𝑡 = 𝑖⁄  

(current) giving as a result Equation 4.8. 

𝑑𝑄

𝑑𝑡
= 𝐶

𝑑𝐸𝑊

𝑑𝑡
+ 𝑉

𝑑𝐶

𝑑𝑡
= 𝐶

𝑑𝐸𝑊

𝑑𝑡
 Equation 4.7 

𝑖 = 𝐶 ∙ 𝜈 Equation 4.8 

Figure 4.14 shows the cyclic voltammogram obtained for the EDLS fabricated 

with an operational voltage of 2.1 V from -1.0 V to 1.1 V. From this EDLS a nearly 

rectangular shape and symmetric voltammogram was obtained, demonstrating an 

almost ideal capacitive behaviour for this energy storage device.  

 
Figure 4.14 Cyclic voltammogram of one of the EDLS fabricated using [C2mim][NTf2] as the 

electrolyte at 50 mV s-1 at 25 ± 2 ⁰C. Arrows show the potential direction of the cyclic 

voltammogram 

 

The comparison of this operational voltage (2.1 V) with the electrochemical 

window of the neat electrolyte, [C2mim][NTf2], (4.53 V vs. Ag|Ag+ using glassy carbon 

as the working electrode) shows a drop in the potential value of 2.43 V. The main 

reason for the potential variation in the EW is the different set-up used. In the case of 

the EW of the neat electrolyte, [C2mim][NTf2], a three-electrode system was utilised 

(see section 4.1.1) and for the EDLS measurements a two-electrode system was used 

(see section 4.1.3). The three-electrode experiment is used to analyse the working 

electrode isolated i.e. this set-up measures only one half of the cell (the counter 
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electrode is the one that completes the current path), whereas, the two-electrode 

system measures the whole cell, the positive electrode vs. the negative electrode [324].  

From the CV curves, the specific capacitance (CSpec) of the supercapacitor can be 

obtained using Equation 4.10, which was obtained from Equation 1.1. For the 

calculation of 𝑄 (C), the integral of the discharge current obtained from the CV was 

used, as it is shown in Equation 4.9 and assuming that 𝑑𝑡 = 𝑑𝑉 𝑣⁄ .  

Q = ∫ 𝐼(𝑡)𝑑𝑡
𝑡𝑓

𝑡𝑖

=
1

𝑣
∫ 𝐼(𝑉)𝑑𝑉
𝑉𝑓

𝑉𝑖

    Equation 4.9 

𝐶𝑠𝑝𝑒𝑐 =
1

𝑚 · 𝜈 (𝑉𝑓 − 𝑉𝑖)
∫ 𝐼(𝑉)𝑑𝑉
𝑉𝑓

𝑉𝑖

    Equation 4.10 

Therefore, the specific capacitance was calculated using Equation 4.10 where 𝑚 

(g) is the mass of the active material in the electrodes 𝜈 (V s-1) is the scan rate, Vf and 

Vi (V) corresponds to the operational voltage limits (with i and f referring to initial and 

final) and ∫ 𝐼(𝑉)𝑑𝑉
𝑉𝑓
𝑉𝑖

 (A) refers to the integral of the discharge current I (A) in the 

voltammogram. 

In the case of the areal capacitance (CAreal) the same Equation 4.10 was used but, 

instead of dividing by the mass of the active material, the capacitance was divided by 

the area of the electrodes (1 cm2).  

The same operational voltage (2.1 V) was obtained for the three EDLS fabricated, 

as it is shown in Figure 4.15. It can be seen that two of the EDLS showed an identical 

cyclic voltammogram and the third device differed a little, showing a thinner cycle. In 

the case of the capacitance values, the specific capacitance obtained was 6.6 ± 1.2 mF 

g-1 and 34.2 ± 3.3 µF cm-2 for the areal capacitance at the scan rate of 50 mV s-1. The 

EW and capacitance values, for this EDLS using [C2mim][NTf2], were found to be very 

similar to those reported by Horowitz et al. [160] who found an EW of 2.5 V and an 

areal capacitance of 7.7 ± 0.4 µF cm-2, using the same IL, [C2mim][NTf2], as electrolyte, 

over glassy carbon. 
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Figure 4.15 Cyclic voltammograms of the three EDLS fabricated using [C2mim][NTf2] as the 

electrolyte at 50 mV s-1 and at 25 ± 2 ⁰C. Arrows show the potential direction of the cyclic 

voltammogram 

 

To evaluate the power capability of the EDLS, cyclic voltammetry experiments 

were performed at scan rates ranging from 20 to 1000 mV s-1 (Figure 4.16). From low 

to high scan rates, the CV curves showed more of a resistive behaviour due to the 

decrease in the ionic transport of the electrolyte into the porous electrode, i.e., at 

faster scan rates there is minimal time to form the double-layer [325]. This fact means 

that the capacitance decreases at higher scan rates, as it is illustrated in Table 4.6. 

 
Figure 4.16 Cyclic voltammogram of one of the EDLS using [C2mim][NTf2] as the electrolyte 

at various scan rates: 1000 (orange), 800 (light blue), 500 (purple), 200 (green), 100 (red), 50 

(yellow), 20 (grey) mV s-1 and at 25 ± 2 ⁰C. Arrows show the potential direction of the cyclic 

voltammogram and the vertical arrow indicates the faster scan rates applied 
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The capacitance values (Table 4.6) dropped rapidly at slow scan rates from 20 

to 50 mV s-1, in contrast to that found at higher scan rates, for which the capacitance 

dropped slowly. From these results, the maximum capacitance values obtained was at 

the smallest scan rate (20 mV s-1): 18.8 ± 5.8 mF g-1 for the specific capacitance, and 

97.8 ± 24.0 µF cm-2 for the areal capacitance. The maximum areal capacitance value 

obtained was found to be comparable to the areal capacitance value reported by Yoo 

et al. [231] using pristine graphene (80 µF cm-2) or multilayer graphene films (140 µF 

cm-2) on copper foil, and gold sputtering on the external edges of both electrodes as 

the current collectors, using a sandwich shape supercapacitor with polyvinyl alcohol-

phosphoric acid (PVA-H3PO4) as gel electrolyte. 

Table 4.6 Specific and areal capacitance average values of the EDLS using [C2mim][NTf2] as the 

electrolyte calculated from the CV at various scan rates 

Scan rate / mV s-1 CSpec. / mF g-1 CAreal / µF cm-2 

20 18.8 ± 5.8 97.8 ± 24.0 

50 6.6 ± 1.2 34.2 ± 3.3 

100 3.0 ± 0.6 15.4 ± 0.2 

200 1.3 ± 0.4 6.8 ± 0.6 

500 0.4 ± 0.2 2.2 ± 0.4 

800 0.3 ± 0.1 1.3 ± 0.4 

1000 0.18 ± 0.08 0.9 ± 0.3 

 

Since one of the purposes of this thesis is to obtain a flexible supercapacitor, a 

bending study (set-up showed in Figure 4.3) on these EDLS was carried out by 

recording their cyclic voltammograms at a bending angle of 120 degrees. Figure 4.17 

(a) shows the tests for the first EDLS prior, during and after bending, which exhibited 

a slight distortion in the discharge cycle. This may be attributed to an electrical 

disconnection between graphite particles dispersed in the cellulose matrix during 

bending, which could be recovered after the bending finished, as shown in last 

voltammogram (black plot). In the other two EDLS fabricated (Figure 4.17 (b)), more 

stability during the bending study was found, with no distortion in the 

voltammograms observed. 
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Figure 4.17 Bending study at an angle 120 degrees of a) one of the EDLS and b) the other 

two EDLS fabricated using [C2mim][NTf2] as the electrolyte at the scan rate of 50 mV s-1 and 

at 25 ± 2 ⁰C. Cyclic voltammogram before (blue), during (red) and after (black) bending 

 

During the bending study the capacitance values of the three EDLS were 

recorded (Table 4.7) showing a slight change in the values before, during and after 

bending. The capacitance decreased during the bending state in comparison to the 

capacitance before bending due to higher resistor behaviour (red plot), whilst, the 

capacitance was retrieved after bending the supercapacitor.  

Table 4.7 Specific and areal capacitance average values of the EDLS using [C2mim][NTf2] as the 

electrolyte during the bending study 

Bending state CSpec. / mF g-1 CAreal / µF cm-2 

Prior to bending 6.5 ± 1.1 33.9 ± 4.4 

120 degrees angle  6.1 ± 0.7 32.6 ± 10.1 

After bending 6.5 ± 2.0 34.6 ± 11.1 

 

Good long-term cycle stability is required for supercapacitor applications so, the 

cycle life of one of the EDLS was studied by cyclic voltammetry (it was possible to 

study only one supercapacitor out of the three, due to time restrictions). At a scan rate 

of 50 mV s-1 up to 15000 cycles was recorded, as shown in Figure 4.18 (a). During and 

after 15000 cycles, the EDLS retained almost 100 % of its initial capacitance with a 

fluctuation of ± 6 %; Figure 4.18 (b) shows the capacitance retention during the 15000 

cycles, demonstrating its high cycle life stability in comparison to flexible graphene-

cellulose supercapacitors that showed a cycle life of 5000 cycles [243]. 
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Figure 4.18 a) Cyclic voltammograms of one of the EDLS fabricated using [C2mim][NTf2] as 

the electrolyte at every 1000th scan from 2 to 15000 cycles at the scan rate of 50 mV s-1 and 

at 25 ± 2 ⁰C and; b) specific capacitance during 15000 cycles  

 

Table 4.8 shows the specific and areal capacitance values of the second and 

15000-cycle, where an increase of the capacitance can be appreciated. The average 

values during the 15000 cycles were 7.9 ± 0.5 mF g-1 and 36.3 ± 2.1 µF cm-2 for the 

specific and areal capacitance, respectively. These values showed that this device had 

good cycle life stability for over 15000 cycles.  

The increase of the capacitance during the cycle life could be related to a raise 

in the temperature during the charge-discharge process that has as consequence a 

capacitance increase. This behaviour is known as thermocapacitance [326]. The factors 

that could have changed if there is an increase of the temperature during charge-

discharge could be related to the IL electrolytes [327]: (i) the viscosity (higher 

temperatures decrease the viscosity) and (ii) the ionic conductivity (higher 

temperatures increase the ionic conductivity). Both properties were described in 

section 2.1.2. Therefore, the thermal mechanism originated inside the supercapacitor 
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may be accounted to the heat generated during the charge-discharge process at the 

electrode/electrolyte surface, and then, this heat is carried away by conduction 

through the electrodes to the current collectors and finally dissipated by convection 

outside the device [328].  

Table 4.8 Specific and areal capacitance of the second cycle and the 15000 cycle of one of the 

EDLS fabricated using [C2mim][NTf2] as the electrolyte 

Cycle 2 Cycle 15000 

CSpec / mF g-1 CAreal / µF cm-2 CSpec / mF g-1 CAreal / µF cm-2 

7.3 33.71 8.8 40.4 

 

4.2.2.2. Galvanostatic charge-discharge 

Galvanostatic charge-discharge experiments were carried out to determine the 

rate capability of the device by applying constant currents densities between 0.02 and 

1 μA cm-2 within a potential window ranging from -1.0 V to 1.1 V (chosen from the 

operational voltage of the device obtained by CV experiment). In galvanostatic 

experiments, a constant current is applied to charge (positive current) or discharge 

(negative current) the supercapacitor, as it is shown in Figure 4.19.  

 
Figure 4.19 Ideal charge-discharge curve for a double-layer supercapacitor. The positive 

current was used for charge and the negative current for discharge the supercapacitor. In the 

positive limit, the IRdrop (V) is revealed 

 

The potential of the supercapacitor is plotted against the time during a cycle of 

constant current for charging and discharging, giving as result a nearly symmetric 

triangular curve due to the voltage change almost linearly as time increases, as is 

shown in Figure 4.20. From this plot various information can be obtained e.g. the 
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discharge time needed for the EDLS that is altered when different current densities 

were applied; i.e., when the smallest current density (0.02 μA cm-2) was applied, this 

device needed 312 s to discharge and at the highest current density applied, the EDLS 

just needed 4 s to discharge. This demonstrates, as expected, that at high currents 

faster discharge times are obtained suggesting a decrease in the charge storage [329]. 

 
Figure 4.20 GCD curves of one of the EDLS fabricated using [C2mim][NTf2] as the electrolyte 

at different currents densities applied, 0.02 (black), 0.05 (blue), 0.08 (red), 0.1 (green), 0.2 

(purple), 0.5 (light blue), 0.8 (grey) and 1 µA cm-2 (orange) and at 25 ± 2 ⁰C 

 

 
Figure 4.21 GCD curves of the three EDLS fabricated using [C2mim][NTf2] as the electrolyte at 

the current density 0.05 µA cm-2 and at 25 ± 2 ⁰C 
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The reproducibility of these devices can be demonstrated showing the charge-

discharge curve at 0.05 µA cm-2 for the three EDLS fabricated. As it can be seen in 

Figure 4.21, the curves had the same symmetric triangle shape. The total charge-

discharge time needed for the three EDLS was 281 ± 56 s, showing the reproducibility 

of the devices.  

From the GCD curves, the equivalent series resistance (ESR) of the device 

(defined in section 1.4.1) can be calculated using Equation 4.11. The ESR values were 

calculated from the IRdrop (V) that is known as the potential drop at the onset of the 

discharge current, corresponding to the internal resistance shown in Figure 4.19. In 

the case of the EDLS, the ESR value was 194 ± 76 kΩ. In general, the supercapacitors 

fabricated showed high ESR values due to the non-conductive materials used, e.g. 

cellulose as the electrodes’ matrix, and aluminium foil as the current collectors. Also, 

the fabrication of these devices was not carried out with high-pressure sealing, and 

all, these can be the factors that contributed to the high ESR.  

𝐸𝑆𝑅 =
𝐼𝑅𝑑𝑟𝑜𝑝

𝐼𝑐𝑜𝑛𝑠𝑡.
          Equation 4.11 

The IRdrop is an important property in energy storage devices. It is known also, 

as a voltage drop that occurs when a voltage is applied to a system and current starts 

to flow through it, and part of the voltage is dropped due to the resistance between 

the current and the system elements (e.g., electrolyte or electrodes) [330]. Therefore, 

IRdrop determines the electrolyte and the electrolyte-electrode contact resistance. As 

can be expected, the IRdrop values change with the current density applied i.e., the 

values increased from 9 mV at 0.02 µA cm-2 to 200 mV at 1 µA cm-2 [331]. 

The specific and areal capacitances can be calculated also from the GCD curves 

with Equation 4.12, where 𝐼𝑐𝑜𝑛𝑠𝑡. (A) is the constant discharge current applied and 

𝑑𝐸𝑊
𝑑𝑡⁄  (V s-1) corresponded to the slope of the discharge current after the correction 

of the IRdrop.  

𝐶 =
𝐼𝑐𝑜𝑛𝑠𝑡.

 𝑑𝐸𝑊 𝑑𝑡⁄
          Equation 4.12 

The specific and areal capacitance values obtained for these three EDLS were 

summarised in Table 4.9. As it can be seen, the highest values obtained were lower 

than the values obtained from the CV experiments (Table 4.6), but if all the values 
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from GCD, at different current densities are compared to the values from CV, it can be 

seen that the specific capacitance at the current density of 0.02 μA cm-2 (0.67 ± 0.01 

mF g-1) corresponded almost to the specific capacitance at the scan rate of 500 mV s-

1 (0.4 ± 0.2 mF g-1). As Cyclic Voltammetry facilitates the best values of specific and 

areal capacitance in comparison to GCD, the capacitance values shown from now on 

will be the ones obtained from CV experiments. 

Table 4.9 Specific and areal capacitances average values obtained from the GCD plot at every 

current density applied to the three EDLS fabricated using [C2mim][NTf2] as the electrolyte 

Current density / μA cm-2 Slope CSpec / mF g-1
 CAreal / µF cm-2 

0.02 0.006 ± 0.001 0.67 ± 0.01 3.6 ± 0.7 

0.05 0.015 ± 0.003 0.7 ± 0.2 3.5 ± 0.8 

0.08 0.025 ± 0.006 0.6 ± 0.2 3.3 ± 0.7 

0.1 0.033 ± 0.007 0.6 ± 0.2 3.1 ± 0.6 

0.2 0.078 ± 0.012 0.5 ± 0.1 2.6 ± 0.4 

0.5 0.25 ± 0.03 0.4 ± 0.1 2.0 ± 0.3 

0.8 0.5 ± 0.1 0.4 ± 0.1 1.8 ± 0.3 

1 0.6 ± 0.1 0.3 ± 0.1 1.7 ± 0.3 

 

The complete performance characterisation of an energy storage device is 

obtained when the energy and power of the device are calculated. The energy is 

described as the amount of charge that a device can store, and the power density is 

related to the rate at which the charge is delivered [223]. When a specific potential is 

applied to a supercapacitor an amount of work (𝑑𝑊) is generated that is able to 

accumulate charge (𝑑𝑄) at the electrode/electrolyte interface. Therefore, assuming an 

insignificant heat loss (𝑑𝑞), as shown in Equation 4.13, and that the small amount of 

work is the product of the potential and the charge (Equation 4.14), it can be said that 

the 𝑑𝑊 is equivalent to the amount of energy (𝑑𝐸) stored in the supercapacitor and 

it can be integrated to obtain the energy (E), as it is shown in Equation 4.15 where the 

charge (𝑄) was related to the capacitance (𝐶) using Equation 1.1 [332,11]. 

𝑑𝐸 = 𝑑𝑊 + 𝑑𝑞 
𝑑𝑞=0
→    𝑑𝐸 = 𝑑𝑊 Equation 4.13 
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𝑑𝑊 = 𝐸𝑊 ∙ 𝑑𝑄 =
𝑄

𝐶
𝑑𝑄 Equation 4.14 

𝑊 = 𝐸 = ∫
𝑄

𝐶

𝑄

0

𝑑𝑄 =
1

2

𝑄2

𝐶
=
𝑄 ∙ 𝐸𝑊

2
=
𝐶 ∙ 𝐸𝑊2

2
 Equation 4.15 

With the GCD technique the energy, E, (Wh) and power, P, (W) values were 

obtained using Equation 4.16 and Equation 4.17, respectively, where 𝐼𝑐𝑜𝑛𝑠𝑡. (A) is the 

current applied, 𝑡𝑑𝑖𝑠. (h) is the discharge time and EW (V) is the operational potential 

of the supercapacitor. Both equations were introduced in Chapter 1 as Equation 1.2 

and Equation 1.3. 

𝐸 =
𝐶 ∙ 𝐸𝑊2

2
=

1

2 ∙ 3600
 𝐼𝑐𝑜𝑛𝑠𝑡. ∙ 𝑡𝑑𝑖𝑠. ∙ 𝐸𝑊 Equation 4.16 

𝑃 =
𝐸

𝑡
=
𝐶 ∙ 𝐸𝑊2

2 ∙ 𝑡
=
1

2
 𝐼𝑐𝑜𝑛𝑠𝑡. ∙ 𝐸𝑊 Equation 4.17 

In order to obtain the specific energy, ESpec, (Wh kg-1) or power, PSpec, (W kg-1), 

the equations were divided by the weight of the active material in kg and, for the 

energy density, EDensity, (Wh cm-2) and power density, PDensity, (W cm-2) the area of the 

electrodes was considered in cm2. 

Table 4.10 shows the average energy and power values obtained for the set of 

three EDLS using GCD. As it was described previously, the time of these EDLS needed 

for discharging decreases at higher current densities. Comparing the variance of the 

set of EDLS, it can be said that these three devices needed quite similar times to 

discharge, obtaining a good reproducibility among the EDLS fabricated. Regarding 

the specific energy, the highest value obtained was 0.41 ± 0.01 mWh kg-1 

(EDensity = 0.0022 ± 0.0004 µW h cm-2) at a specific power of 4.3 ± 0.9 mW kg-1 

(PDensity = 0.02 µW cm-2); the energy density remained at 0.0010 ± 0.0002 µW h cm-2 

when the power density increased to 1.16 ± 0.12 µW cm-2, which shows stability in the 

device. It can be seen that the specific energy decreased from 0.41 ± 0.01 mW h kg-1 

(PSpec = 4.3 ± 0.9 mW kg-1) to 0.21 ± 0.03 mW h kg-1 (PSpec = 222.2 ± 25.6 mW kg-1) 

showing again a small drop in the energy at high current densities. From the literature 
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[333,243], the values of energy and power density for this device were found to be 

similar to graphene-cellulose supercapacitors.  

Overall, the maximum power density offered, 1.16 ± 0.12 µW cm-2, could be 

adequate to power up implantable biomedical devices such as biosensors (< 0.5 µW) 

[308] which was the target application for this supercapacitor.  

Table 4.10 Energy and power average values calculated for the EDLS using [C2mim][NTf2] as 

the electrolyte at different current densities applied and the discharge time obtained using 

GCD  

Current 

density / 

µA cm-2 

Discharge 

time / s 

ESpec / mW 

h kg-1 

EDensity / µW h 

cm-2 

PSpec / mW 

kg-1 

PDensity / µW  

cm-2 

0.02 355 ± 74 0.41 ± 0.01 0.0022 ± 0.0004 4.3 ± 0.9 0.0221 ± 0.0001 

0.05 136± 28 0.41 ± 0.13 0.0021 ± 0.0005 10.9 ± 2.0 0.057 ± 0.001 

0.08 78 ± 16 0.39 ± 0.13 0.0020 ± 0.0005 17.8 ± 3.4 0.092 ± 0.003 

0.1 59 ± 11 0.37 ± 0.11 0.0019 ± 0.0004 22.2 ± 3.9 0.115 ± 0.003 

0.2 25 ± 4 0.31 ± 0.09 0.0016 ± 0.0002 44.8 ± 7.3 0.23 ± 0.01 

0.5 8 ± 1 0.24 ± 0.07 0.0012 ± 0.0002 112.4 ± 15.2 0.59 ± 0.04 

0.8 4 ± 1 0.22 ± 0.07 0.0011 ± 0.0002 179.4 ± 20.1 0.94 ± 0.1 

1 3 ± 1 0.21 ± 0.07 0.0010 ± 0.0002 222.2 ± 25.6 1.16 ± 0.12 

 

4.2.2.3. Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy is a useful tool to evaluate the charge 

transfer and ion diffusion properties of an electrode material [334]. These properties 

can be studied by applying a small amplitude of alternative interrupting potential e.g. 

10 mV over a wide range of frequencies from 10 mHz to 100 KHz (see Appendix B.5 

for the technique theory) [335,39].  

The most common representation of the EIS measurements is known as a 

Nyquist plot (Figure 4.22 (a)) that represents the imaginary impedance (Z’’) against 

the real impedance (Z’). The crossing of the curves at the real impedance axis in the 

high-frequency region (left part of the plot) reflects the equivalent series resistance 

(ESR) of the EDLS, which includes: a) the intrinsic resistance of the electrolyte and b) 

the charge-transfer resistance attributed to the resistance between the electroactive 

material and electrolyte [285]. At the same point (at which the high and low-frequency 
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regions in the Nyquist plot met) the frequency found is called “knee frequency” that 

corresponds to the maximum frequency at which the capacitive behaviour is 

preserved [336,84a]; therefore, a higher knee frequency corresponds to a better power 

performance [243], reflecting the diffusion of ions from the electrolyte into the 

electrode material. The low-frequency region (right part of the graph) should show a 

line whose inclination indicates the resistivity or capacitive nature of the electrodes, 

less than 45º inclined line indicates a resistant behaviour and more vertical lines close 

to 90º reveals an ideal electrical double-layer capacitance behaviour [337]. 

 
Figure 4.22 Representation of a) Nyquist plot and b) Bode plot of an ideal double-layer 

supercapacitor. Graphs adapted from reference [338] 

 

Figure 4.23 shows the Nyquist plot obtained for the EDLS using [C2mim][NTf2] 

as the electrolyte at different cycles during the cycle life study of 15000 cycles. Three 

tails with almost 90º inclination (nearly vertical) were observed, and the capacitance 

behaviour was proven to be maintained throughout the 15000 cycles of the cycle life 

studied. In the inset of Figure 4.23, the high-frequency component with the ESR and 

the knee frequency are shown. In the case of the ESR, the values obtained during 

cycling increased only slightly from 2.2 kΩ at the OCP (after assembly, therefore, 

before any other electrochemical technique was used) to 2.9 kΩ after 15000 cycles. 

This small increase after the cycle life suggests a high ion diffusion into the electrode 

and demonstrates the good stability of the device. The knee frequency value obtained 

was 22.2 kHz which suggests that most of its stored energy is accessible at frequencies 

below this value [336]. The expected knee frequency for a carbon-based 

supercapacitor found in the literature is 100 Hz [339]; therefore, it can be said that this 
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supercapacitor could store charge at high and low frequencies from 22.2 kHz to 0.001 

Hz.  

 
Figure 4.23 Nyquist plot of one of the EDLS using [C2mim][NTf2] as the electrolyte during the 

cycle life (25 ± 2 ⁰C): at OCP (purple), after 5000 cycles (orange) and after 15000 cycles (light 

blue). The inset shows the high-frequency part of the Nyquist plot 

 

 
Figure 4.24 Bode plot of one of the EDLS using [C2mim][NTf2] as the electrolyte during the 

cycle life (25 ± 2 ⁰C): at OCP (purple), after 5000 cycles (orange) and after 15000 cycles (light 

blue) 

 

The Bode plot is another type of EIS plot that shows the phase angle of 

impedance vs. frequency, as it is shown in Figure 4.22 (b) [340]. From this graph the 

frequency at which the phase angle reaches -45º is termed as “onset frequency” and 
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it corresponds to the frequency at which a device changes from exhibiting primarily 

resistive to primarily capacitive behaviour. In addition, at -90 º phase angle, the ideal 

capacitor behaviour is obtained [160]. In the case of the EDLS device fabricated (Figure 

4.24), the onset frequency changed from 37.2 Hz to 54.3 Hz during the cycle life. For 

low frequencies, up to 3.9 Hz, the EDLS worked as an ideal capacitor because the 

phase angle is close to -90 º during the 15000 cycles. It was possible to see that at 

these low frequencies there is a fluctuation in the values although the phase angle did 

not suffer a significant drop, keeping an almost ideal capacitor behaviour.  

 Electrochemical Study of the EDLS Fabricated Using [C2mim][FAP] as 

the Electrolyte 

An EDLS using [C2mim][FAP] as the electrolyte was studied electrochemically 

and compared to the EDLS using [C2mim][NTf2]. In this case, one EDLS was fabricated 

and characterised using the same electrochemical techniques. 

The active material in this EDLS was considered to be the graphite from the 

graphite-cellfib-IL plasticiser composite film, compromising a 33.3 wt % of the total 

weight at each electrode, and the total mass of the active material was 6.0 mg; the 

area the electrodes 1 cm2 and the thickness of the electrodes 130 ± 30 µm. 

For the EDLS using [C2mim][FAP] as the electrolyte, the OCP found was 0.02 V. 

4.2.3.1. Cyclic Voltammetry  

Cyclic voltammetry measurements showed a symmetrical and nearly rectangular 

cycle for the EDLS using [C2mim][FAP] as the electrolyte, as it can be seen in Figure 

4.25. The operational voltage found was 3 V showing an increment of 0.9 V in 

comparison to the EDLS using [C2mim][NTf2] as the electrolyte. This increase in the 

EW was expected because the IL [C2mim][FAP] is known to be more electrochemically 

stable as it was shown in section 4.2.1. An electrochemical window of 5.1 V at 25 ± 2 ⁰C 

was obtained using glassy carbon as the working electrode.  

There are not many articles using [C2mim][FAP] as the electrolyte in a 

supercapacitor; Pandey et al. [341] published the fabrication and characterisation of 

an EDLS using multiwall carbon nanotubes as electrodes and a gel polymer using 

[C2mim][FAP] as the electrolyte. The operational voltage that they found for their EDLS 
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was 2 V, being 1 V less electrochemically stable than the EDLS using [C2mim][FAP] as 

the electrolyte fabricated for this thesis.  

 
Figure 4.25 Cyclic voltammogram of the EDLS using [C2mim][FAP] as the electrolyte at 50 mV 

s-1 and at 25 ± 2 ⁰C. Arrows show the potential direction of the cyclic voltammogram 

 

Using Equation 4.10, the specific capacitance value was found to be 4.1 mF g-1, 

and the areal capacitance was 24.6 µF cm-2, at the scan rate of 50 mV s-1. These 

capacitance values were slightly smaller than the ones obtained for the EDLS using 

[C2mim][NTf2] as the electrolyte (section 4.2.2.1). The reason of the smaller capacitance 

values can be due to transport properties of the electrolyte, i.e. the viscosity is higher 

for [C2mim][FAP] (60.5 mPa∙s) than for [C2mim][NTf2] (37 mPa∙s) [342]. 

Figure 4.26 shows the voltammogram of the EDLS at different scan rates to 

analyse the power capability of the device using [C2mim][FAP] as the electrolyte. As it 

was expected, the shape of the cycles showed a slight deviation from the ideal 

rectangular shape due to an increase of the resistance at high scan rates.  

The data from Table 4.11 shows the capacitance values obtained at different 

scan rates. The capacitance values decreased drastically when higher scan rates were 

applied. This behaviour was expected because at faster scan rates, minimal time is 

available to store charge in the electrode/electrolyte interface, as it was explained in 

section 4.2.2.1 for the EDLS using [C2mim][NTf2] as the electrolyte [325]. 
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Figure 4.26 Cyclic voltammogram of one of the EDLS using [C2mim][FAP] as the electrolyte at 

various scan rates: 1000 (orange), 800 (light blue), 500 (purple), 200 (green), 100 (red), 50 

(yellow), 20 (grey) mV s-1 and at 25 ± 2 ⁰C. Arrows show the potential direction of the cyclic 

voltammogram and the vertical arrow indicates the faster scan rates applied 

 

Table 4.11 Specific and density capacitance values of the EDLS using [C2mim][FAP] as the 

electrolyte calculated from the CV at various scan rates 

Scan rate / mV s-1 CSpec. / mF g-1 CDensity/ µF cm-2 

20 11.5 69.1 

50 4.1 24.6 

100 1.8 11.1 

200 0.8 5.1 

500 0.3 1.8 

800 0.2 1.1 

1000 0.1 0.9 

 

The bending study was also carried out for this supercapacitor, showing more 

flexible stability than the previous EDLS, as it can be seen in Figure 4.27. There was an 

increment in the current density when the supercapacitor was bent (angle of 120 

degrees) but the voltammogram returned almost to the normal state after the 

bending study, thus demonstrating a good flexible stability for this device.  
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Figure 4.27 Bending study at an angle of 120 degrees of the EDLS using [C2mim][FAP] as the 

electrolyte at the scan rate of 50 mV s-1 and at 25 ± 2 ⁰C. Cyclic voltammogram before (blue), 

during (red) and after (black) bending 

 

The stability of the device on bending was corroborated with the capacitance 

values obtained before, during and after bending, as it is displayed in Table 4.12. The 

capacitance increased when the supercapacitor was bent, but the CV was retrieved 

after the bending study. Therefore, this supercapacitor can be used at different 

bending angles without damaging the structural integrity of the device. 

Table 4.12 Specific and areal capacitance values during the bending  

Bending state CSpec. / mF g-1 CAreal / µF cm-2 

Prior to bending 4.7 28.0 

120 degrees angle  5.3 32.0 

After bending 5.1 30.4 

 

The cycle life of the device was checked using CV and it was measured for 15000 

cycles, as the previous EDLS. This supercapacitor showed no obvious change even 

after 15000 cycles (Figure 4.28), and therefore, has a higher stability than the EDLS 

using [C2mim][NTf2] as the electrolyte. The supercapacitor also showed an excellent 

cycle life in comparison to EDLS reported in the literature, e.g., ~82 % of capacitance 

retention during 10000 using multi-walled carbon nanotubes electrodes and 

[C2mim][FAP] gel as electrolyte [341]. 
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Figure 4.28 a) Cyclic voltammograms of the EDLS using [C2mim][FAP] as the electrolyte at 

every 1000th scan from 2 to 15000 cycles at the scan rate of 50 mV s-1 and at 25 ± 2 ⁰C, b) 

specific capacitance during 15000 cycles  

 

The capacitance values of the 2nd and 15000th cycle are shown in Table 4.13, 

where it can be seen that the values did not vary significantly after 15000 cycles.  

Table 4.13 Specific and areal capacitance of the second cycle and the 15000 cycle 

Cycle 2 Cycle 15000 

CSpec / mF g-1 CAreal / µF cm-2 CSpec / mF g-1 CAreal / µF cm-2 

4.5 27.1 4.6 27.8 

 

4.2.3.2. Galvanostatic Charge-discharge 

Galvanostatic charge-discharge measurements exhibited curves with nearly 

ideal triangular shape and a small potential drop (IRdrop) at the beginning of each 

discharge curve indicating a low internal resistance for this device, as the Figure 4.29 
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shows at different current densities applied. Albeit the internal resistance seems low, 

the ESR for this supercapacitor was higher (249 ± 82 kΩ) than the EDLS using 

[C2mim][NTf2] as the electrolyte, which may be due to the higher viscosity of the 

[C2mim][FAP] in comparison to [C2mim][NTf2] (section 4.2.3.1). 

  
Figure 4.29 GCD curves of the EDLS using [C2mim][FAP] as the electrolyte fabricated at 

different currents densities applied, 0.02 (black), 0.05 (blue), 0.08 (red), 0.1 (green), 0.2 

(purple), 0.5 (light blue), 0.8 (grey) and 1 µA cm-2 (orange) at 25 ± 2 ⁰C 

 

Table 4.14 Table 4.14 summarises the energy and power values obtained at the 

different current densities applied and the time needed to discharge the 

supercapacitor. The discharge time obtained was comparable to the previous EDLS 

using [C2mim][NTf2] as the electrolyte, whereas regarding the lowest current density 

(0.02 µA cm-2), the supercapacitor needed 600 s to discharge instead of the 355 s 

observed with the EDLS using [C2mim][NTf2] as the electrolyte. The energy and power 

values were higher for the EDLS using [C2mim][FAP] than in the case of [C2mim][NTf2], 

showing an improvement in charge storage and delivery using [C2mim][FAP]. This 

energy and power increase is related to the larger EW obtained for this IL electrolyte. 

Equation 4.16 and Equation 4.17 can explain this fact because the power and energy 

are proportional to the EW.  

  

-1.5

-1

-0.5

0

0.5

1

1.5

0 150 300 450 600 750 900

P
o

te
n

ti
a

l 
/ 
V

Time / s



Chapter 4: Flexible Double-layer Supercapacitors 

159 

 

Table 4.14 Energy and power values calculated for the EDLS using [C2mim][FAP] as the 

electrolyte at different current densities applied using GCD as well as the discharge time 

obtained 

Current density / 

µA cm-2 

Discharge 

time / s 

ESpec / 

mWh kg-1 

EDensity / 

µWh cm-2 

PSpec / mW 

kg-1 

PDensity / µW 

cm-2 

0.02 600 0.93 0.006 5.6 0.03  

0.05 170 0.61 0.004 12.9 0.08  

0.08 94 0.55 0.003 21.2 0.13  

0.1 73 0.54 0.003 26.5 0.16  

0.2 32 0.48 0.003 53.7 0.32  

0.5 11 0.40 0.002 132.7 0.80  

0.8 6 0.36 0.002 207.3 1.24  

1 5 0.34 0.002 258.3 1.55  

 

4.2.3.3. Electrochemical Impedance Spectroscopy 

The EIS study of this EDLS using [C2mim][FAP] as the electrolyte showed a more 

stable device during the cycle life study, albeit it exhibited higher resistance values 

than in the case of the EDLS using [C2mim][NTf2]. This is due to the higher viscosity of 

[C2mim][FAP] as it was explained in section 4.2.3.1. 

From the Nyquist plot three, almost perpendicular tails corresponding to the 

different cycles were obtained for this device demonstrating its capacitance 

behaviour, as it is shown in Figure 4.30. The inset graph shows the ESR obtained at 

high frequencies, with values from 8.0 kΩ to 9.7 kΩ, which were higher than in the 

case of the EDLS using [C2mim][NTf2] as the electrolyte. Regarding the knee frequency, 

the values changed from 3.4 kHz to 1.6 kHz during the cycle life. Since the knee 

frequency value decreased after 15000 cycles, it can be said that the electrolyte access 

and diffusion into the electrode were more difficult after the cycle life.  
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Figure 4.30 Nyquist plot during the cycle life of the EDLS using [C2mim][FAP] as the 

electrolyte (25 ± 2 ⁰C): at OCP (purple), after 5000 cycles (orange) and after 15000 cycles 

(light blue). The inset shows the high-frequency part of the Nyquist plot 

 

Figure 4.31 shows the Bode plot where the phase of the impedance was plotted 

vs. frequency. From this plot, it can be analysed at what frequency the capacitive 

behaviour predominates. The frequencies obtained at -45⁰ changed from 17.6 to 8.28 

Hz during the 15000 cycles, showing smaller values in comparison to the EDLS using 

[C2mim][NTf2] as the electrolyte. At frequencies of less than ~ 1.26 Hz, this 

supercapacitor almost worked as an ideal EDLS because the phase angle was almost 

-90⁰ [343]. 

From all the data obtained from the EIS technique and in comparison to the 

EDLS using [C2mim][NTf2] as the electrolyte, it can be suggested that the ion diffusion 

from the electrolyte into the porous electrodes was more difficult, resulting in higher 

resistances, using [C2mim][FAP] than using [C2mim][NTf2]. This agrees with the fact 

that [C2mim][FAP] is more viscous than [C2mim][NTf2]. Another reason to explain the 

ion diffusion difficulty may be due to the use of a different anion in comparison to the 

IL plasticiser that was incorporated on the electrode i.e. [P6 6 6 14][NTf2]. This IL was 

added to impart dual functionality, as a plasticiser and to improve the wettability in 

the electrodes. Therefore, it can be supposed that if there is a common anion between 
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the IL plasticiser of the electrode and the IL electrolyte a better performance of the 

supercapacitor would be obtained.  

 
Figure 4.31 Bode plot during the cycle life of the EDLS using [C2mim][FAP] as the electrolyte 

(25 ± 2 ⁰C): at OCP (purple), after 5000 cycles (orange) and after 15000 cycles (light blue) 

 

 Chemical and Physical Study of the EDLS Electrodes 

The following techniques were used to study any possible differences on the 

composite electrodes before and after using them in the flexible supercapacitors i.e. 

after 15000 cycles. In this chapter, the graphite-cellfib-IL plasticiser composite film 

was analysed as a fresh film and after using it as both electrodes in the EDLS using 

[C2mim][NTf2] as the electrolyte for 15000 cycles. 

The techniques employed were: Fourier transform-infrared (FT-IR), 

thermogravimetric analysis (TGA) and scanning electron microscopy (SEM). 

The fresh film under study was dried for 48 hours in a vacuum desiccator. In the 

case of the films used as electrodes after cycling, they were soaked in methanol to 

remove the ionic liquid electrolyte and by-products and finally dried for 48 hours in a 

vacuum desiccator. 

4.2.4.1. Fourier Transform Infrared (FT-IR) 

Fourier transform-infrared spectroscopy was employed to study any possible 

chemical change in the films before and after the electrochemical characterisation and 

the cycle life of 15000 cycles.  
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Figure 4.32 Infrared spectra of the graphite-cellfib-IL plasticiser fresh film (black) and after 

using as both electrodes for 15000 cycles in the EDLS using [C2mim][NTf2] as the electrolyte 

(red and green) 

 

Figure 4.32 shows the infrared spectra of the graphite-cellfib-IL plasticiser film 

before using it as both electrodes in the symmetric flexible supercapacitor. As it can 

be seen the fresh film (black plot) shows sharper peaks than the same film after being 

used as electrodes (red and green plots). It was observed that the peaks at 3000 cm-1 

and, from 1350 to 1000 cm-1 changed in intensity and shape. These peaks belong to 

the C-H stretching of the [P6 6 6 14][NTf2] IL, S=O asymmetric /symmetric stretching 

from the IL plasticiser anion and the C-O, C-OH, C-H and C-O-C ring deformation of 

cellulose, respectively. In the case of the [P6 6 6 14][NTf2] peaks, the possible explanation 

of the reduction of the peak is due to the electromechanical process involved during 

the charge-discharge cycles. In other words, it is possible that the [P6 6 6 14][NTf2] in the 

film was removed from the film surface during the cycling. This may explain the 

fluctuation showed during the cycle life in section 4.2.2.1. 

4.2.4.2. Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis was utilised to study the thermal stability of the 

fresh films and after the cycle life of 15000 cycles. 

Figure 4.33 shows the thermogram obtained for the graphite-cellfib-IL 

plasticiser film before (black plot) and after using it as both electrodes (blue and red 

plot) in the EDLS. The first decomposition process observed (~ 125 ⁰C) is due to loss 

of water and it was used to estimate the water content of the films. The second weight 
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loss (~ 5 %) corresponds to the decomposition temperature or onset temperature 

(Tonset) of the composite films. The graph shows a different behaviour for the fresh film 

than for both electrodes after cycling. This is representative of the change in the film 

after the charge-discharge process of 15000 cycles. 

 
Figure 4.33 Thermogram of the fresh graphite-cellfib-IL plasticiser film (black plot) and the 

same film used as both electrodes for 15000 cycles in the EDLS using [C2mim][NTf2] as the 

electrolyte (green and red plots) 

 

The values obtained for the EDLS electrodes are reported in Table 4.15. As it can 

be seen the fresh film (black plot) had a larger amount of water than the same film 

after being used as electrodes. Taking into account the decomposition temperature, 

it can be concluded that (i) there was an increment in the thermal stability of the films 

(from 258 ⁰C to 291/293 ⁰C) after using them as electrodes for 15000 cycles and, (ii) 

the fresh film showed two decompositions temperatures (258 ⁰C and 335 ⁰C), whereas 

the used films just showed one decomposition temperature 291 ⁰C (red plot) and 

293 ⁰C (green plot). As it was discussed in the previous section on infrared 

spectroscopy, the changes observed may be related to the electromechanical process 

during the charge-discharge cycles. The movement of the [P6 6 6 14][NTf2] IL plasticiser 

from the film surface to the interior of the electrode may contribute to the 

disappearance of the second decomposition temperature in the thermogram graphs 

of the used films. As it was explained in section 3.3.2, the increase of the Ton when the 

IL plasticiser is added can be due to a possible IL plasticiser-cellulose interaction [272].  
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Table 4.15 Water content and decomposition temperature (Tonset) values of the graphite-

cellfib-IL plasticiser film before and after being used as both electrodes in the EDLS using 

[C2mim][NTf2] as the electrolyte for 15000 cycles 

Films Water content / % 1st Tonset / ⁰C 2nd Tonset / ⁰C 

Fresh film (black plot) 3.14 258 335 

After 15000 cycles (red plot) 2.61 291 - 

After 15000 cycles (green plot) 2.32 293 - 

 

4.2.4.3. Scanning Electron Microscopy (SEM) 

Scanning electron microscopy was used to study the morphological changes on 

the surfaces of the fresh films and after using them as electrodes in the EDLS for 15000 

cycles. 

 
Figure 4.34 SEM pictures with a magnification of 1K of the a) fresh graphite-cellfib-IL 

plasticiser film and b) the same film after using it as both electrodes in the EDLS using 

[C2mim][NTf2] as electrolyte for 15000 cycles 

 

a) 

b) 
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Figure 4.34 shows three pictures obtained for the same graphite-cellfib-IL 

plasticiser film (a) as fresh and, (b) after being used in the two electrodes (positive and 

negative). As it can be seen in the pictures there is no drastic change in the surface of 

the films. This was the result expected because the charge storage mechanism in this 

device is electrostatic and consequently, no change in the surface should be 

developed during the charge-discharge cycles. There are no differences between the 

two pictures in (b), and therefore, it is not possible to differentiate between positive 

and negative electrodes. 

 
Figure 4.35 EDX spectra of both electrodes of the EDLS using [C2mim][NTf2] as the electrolyte 

for 15000 cycles 

 

Figure 4.35 shows the EDX spectra for both electrodes used in the EDLS after 

15000 cycles. The elements seen, carbon and oxygen, are the same elements than in 

the fresh electrodes (see section 3.8.2). As already observed with the other techniques 
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(sections 4.2.4.1 and 4.2.4.2), the elements corresponding to the IL plasticiser, 

[P6 6 6 14][NTf2], did not appear confirming that the electrode films suffered an 

electromechanical action during the 15000 cycles that removed the IL plasticiser from 

the surface of the films.  

Elemental analysis of the graphite-cellfib-IL plasticiser as fresh film and both electrodes used 

in the ES for 15000 cycles 

Composite film name C / 

wt % 

O / 

wt % 

F / 

wt % 

S / 

wt % 

P / 

wt % 

Cl / 

wt % 

Fresh film 63.1 32.9 2.4 0.8 0.3 - 

Electrode film 1  71.9 28.1 - - - - 

Electrode film 2 75.9 24.1 - - - - 

 

The cross-section of one of the films used as electrodes was checked using SEM, 

as it is shown in Figure 4.36. The thickness of this film was measured as 31.7 µm. The 

morphology inside the film showed a layered structure. 

 
Figure 4.36 Cross-section SEM picture of one of the electrodes of the EDLS using 

[C2mim][NTf2] as electrolyte showing the thickness of this film after 15000 cycles 

 

4.3. Summary and Conclusions 

Symmetric flexibles supercapacitors also knew as electrical double-layer 

supercapacitors (EDLS) using graphite-cellulose fibrous-IL plasticiser films as both 

electrodes and ILs as electrolytes were fabricated and characterised electrochemically 

by cyclic voltammetry, galvanostatic charge-discharge and electrochemical 

impedance spectroscopy. Both EDLS using different electrolytes ([C2mim][NTf2] and 

[C2mim][FAP]) showed long-term stability in the device performance with a cycle life 

of 15000 cycles and almost 100 % of capacitance retention. Additionally, the chemical 

nature, morphology and thermal stability of the graphite-cellfib-IL plasticiser-based 
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electrodes were investigated by infrared spectroscopy, scanning electron microscopy 

and thermal gravimetric analysis as fresh materials and after 15000 cycles to 

understand the functional characteristics of the electrical double-layer 

supercapacitors.  

The EDLS fabricated with the IL [C2mim][FAP] as electrolyte had an operational 

voltage of 3 V, in contrast, to the EDLS using [C2mim][NTf2] as electrolyte with an 

operational voltage of 2.1 V. The maximum areal capacitance values were obtained 

using [C2mim][NTf2] as electrolyte with a maximum areal capacitance value of 

97.8 ± 24.0 µF cm-2 and a specific capacitance of 18.8 ± 5.8 mF g-1, at a scan rate of 

20 mV s-1.  

As the EDLS fabricated with the IL [C2mim][FAP] as electrolyte had a wider 

operational voltage (3.0 V) the energy and power characteristics were larger than for 

the EDLS using [C2mim][NTf2] as the electrolyte. In the case of the power density, the 

maximum value obtained was 1.55 µW cm-2 using [C2mim][FAP] and 1.16 µW cm-2 

using [C2mim][NTf2]. The energy density values were much smaller with values of 0.006 

µW h cm-2 for [C2mim][FAP] and 0.0022 ± 0.0004 µW h cm-2 for [C2mim][NTf2]. These 

supercapacitors using graphite-cellulose composite electrodes were comparable to 

graphene-cellulose based supercapacitors in term of power and energy properties.  

The results obtained suggest that the EDLS fabricated have great potential for 

energy storage applications that need flexible and rechargeable devices such as 

biomedical implants or portable micropower sources. Also, it was demonstrated that 

any residual atmospheric moisture does not significantly impact on the device 

performance.  
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As it was discussed in Chapters 2 and 3, electronically conducting polymer-

based electrodes present problems like poor processability due to the electronically 

conducting polymers (ECPs) insolubility and non-thermoformable nature, making 

these materials difficult to manage. Currently, to solve these disadvantages the 

procedure followed in the literature was to coat, graft or deposit the ECP synthesised 

over flexible substrates such as graphene or paper [252]. However, the electronically 

conducting polymers when used as electrodes in supercapacitors usually presented a 

low cycle life and mechanical stability due to the poor adherence to the surface of 

their host materials leading to degradation of the electrodes [39]. Therefore, the 

fabrication of a new class of ECP-based electrodes that present durable cycle life and 

flexibility will be the objective to achieve henceforth. 

In this chapter, the discussion of the application of a redox active and flexible 

material as electrodes in flexible energy storage devices such as supercapacitors is 

carried out. These composites contained an electronically conducting polymer e.g. 

polypyrrole as the redox active material and a biopolymer e.g. cellulose that can be 

used as electrodes as it was demonstrated in Chapter 3 [184b]. The redox active and 

flexible composite used in this chapter is a polypyrrole-cellulose fibrous-IL plasticiser 

film (PPy-cellfib-IL plasticiser film) that it was used as both electrodes (positive and 

negative) to fabricate a symmetric electrochemical supercapacitor (ES) or 

pseudocapacitor, exploiting the redox nature of the polypyrrole [84a]. In the case of 

the electrolyte in the ES, two ionic liquids were chosen as in Chapter 4, i.e. 

[C2mim][NTf2] and [C2mim][FAP] for comparison reasons. 

The development of flexible supercapacitors using electronically conducting 

polymer composites with a biopolymer available in bio-waste to provide a flexible 

matrix and the ionic liquid technology is the cynosure of this chapter. ECPs provide 

the smart functionality in these composites, and the ionic liquid plasticiser increases 

the electro-wettability and plasticity, leading to more durable supercapacitors with 

the flexible nature needed to adapt to body shapes for their use in biomedical 

applications.  
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5.1. Experimental Part 

In this section, the experimental part related to the fabrication of a set of 

electrochemical supercapacitors and their electrochemical characterisation is 

described.  

 Fabrication of the Flexible ES 

The preparation of the electronically conducting polymer-biopolymer-IL 

plasticiser (PPy-cellfib-IL plasticiser film) composite electrode used in the ES was 

carried out using the procedure reported in section 3.8 [184b]. All composite films 

used as electrodes were dried prior to assembly in a vacuum desiccator for 48 h. 

The assembly of the electrochemical supercapacitors was carried out as 

reported in section 4.1.2 and Figure 4.2. 

 Electrochemical Study of the ES Fabricated 

The electrochemical performance of the electrochemical supercapacitors was 

carried out as it was explained in section 4.1.3 and Figure 4.3. The techniques used 

were cyclic voltammetry, galvanostatic charge-discharge and electrochemical 

impedance spectroscopy. 

5.2. Results and Discussion 

 Electrochemical Study of the ES Fabricated Using [C2mim][NTf2] as the 

Electrolyte  

The electrochemical study of a set of three identical electrochemical 

supercapacitors using [C2mim][NTf2] as the electrolyte was carried out to establish 

their energy storage device capabilities and check their reproducibility. As in the 

previous chapter, all the electrochemical measurements were performed in a two-

electrode system at 25 ± 2 ⁰C. 

An ES is an energy storage device with an electrochemical mechanism, in other 

words, redox reactions are involved (i.e., the reduction and oxidation of the 

electronically conducting polymer, polypyrrole). The active material considered was 

the polypyrrole from the PPy-cellfib-IL plasticiser composite film, comprising a 33.3 

wt % of the total weight at each electrode, hence the total mass of the active material 

was 6.0 ± 1.0 mg, the area of the composite electrodes was 1 cm2 and the electrode 

thickness around 300 ± 50 µm. 
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For the set of ES using [C2mim][NTf2] as the electrolyte, the OCP found was 

0.029 ± 0.009 V. 

5.2.1.1. Cyclic Voltammetry  

In the case of the electrochemical supercapacitor, the cyclic voltammogram 

obtained showed a nearly rectangular and symmetric shape with an operational 

voltage from -0.9 V to 0.7 V (1.6 V), as it can be seen in Figure 5.1. The EW of the ES 

was 0.5 V lower in comparison to the EDLS using [C2mim][NTf2] as the electrolyte from 

section 4.2.2.1. The polypyrrole from the composite electrode may reduce the 

operational voltage, although the EW obtained (1.6 V) is wider than the EW values 

reported for polypyrrole-based supercapacitors in the literature (i.e., around 0.8 V) 

[64]. 

 
Figure 5.1 Cyclic voltammogram of one of the ES at 50 mV s-1 at 25 ± 2 ⁰C. Arrows show the 

potential direction of the cyclic voltammogram  

 

The same operational voltage of 1.6 V was found for the three ES fabricated, as 

shown in Figure 5.2. The specific capacitance, for these three ES at 50 mV s-1 and at 

25 ± 2 ⁰C, was 3.8 ± 0.9 mF g-1 and the areal capacitance was 23.1 ± 1.5 µF cm-2. As it 

can be seen the capacitance values were reproducible among the three devices, with 

a very small variance among the values.  
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Figure 5.2 Cyclic voltammograms of the three ES fabricated using [C2mim][NTf2] as the 

electrolyte at 50 mV s-1 and at 25 ± 2 ⁰C. Arrows show the potential direction of the cyclic 

voltammogram  

 

As demonstrated in Figure 5.3, the device can be operated at various scan rates 

from 20 mV s-1 to 1 V s-1; the CVs obtained kept the rectangular shape for all the 

different scan rates applied. This fact indicates that this supercapacitor can endure fast 

voltage/current change rates, due to the fast and reversible electrochemical processes 

carried out by the polypyrrole reduction and oxidation [344].  

 
Figure 5.3 Cyclic voltammogram of one of the ES fabricated using [C2mim][NTf2] as the 

electrolyte at various scan rates: 1000 (orange), 800 (light blue), 500 (purple), 200 (green), 

100 (red), 50 (yellow), 20 (grey) mV s-1 at 25 ± 2 ⁰C. Arrows show the potential direction of 

the cyclic voltammogram and the vertical arrow indicates the faster scan rates applied 
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Regarding the capacitance values at different scan rates (Table 5.1), similar 

behaviour to the EDLS was found, i.e. from 20 to 50 mV s-1 there was a quick drop in 

the capacitance values and then the values decreased slowly. The maximum specific 

capacitance value obtained was 11.3 ± 2.9 mF g-1 at 20 mV s-1 (lower than from the 

EDLS fabricated (section 4.2.2)). The reason for these lower values can be due to the 

larger thickness of the electrodes (300 ± 50 µm), compared to the EDLS electrodes. It 

is known that thicker electrodes lead to an increase of the resistance, as well as a 

decrease in the capacitance per gram (or specific capacitance) due to the limited ion 

movement. Herein, the dopant ions may have moved to the interior sites of the 

polypyrrole during the doping and de-doping process [345]. The values of areal 

capacitance expected would be around 8-15 mF cm-2 for a symmetric supercapacitor 

using the same p-doped electronically conducting polymer for both electrodes. In 

contrast, the maximum value obtained was 66.3 ± 4.4 µF cm-2 [64]. This low 

capacitance values may be due to the low conductivity of the PPy bounded by 

hydrogen bond to the cellulose matrix [184b]. The conductivity obtained (1450 µS cm-

1) is low in comparison to PPy grafted onto fabric or cellulose with a conductivity of 

1.2 S cm-1 [346]. 

The standard deviation of the average of the capacitance values, among the 

three ES fabricated and tested, was very small. This small variance shows the high 

reproducibility of the fabrication method of electrochemical supercapacitors in this 

thesis using PPy-cellfib-IL plasticiser composite film as both electrodes in a symmetric 

supercapacitor.  

Table 5.1 Specific and areal capacitance values of the ES using [C2mim][NTf2] as the electrolyte 

calculated from the CV at various scan rates 

Scan rate / mV s-1 CSpec. / mF g-1 CAreal / µF cm-2 

20 11.3 ± 2.9 66.3 ± 4.4 

50 3.8 ± 0.9 22.6± 2.0 

100 1.5 ± 0.3 8.8 ± 1.3 

200 0.7 ± 0.1 3.9 ± 0.5 

500 0.21 ± 0.02 1.3 ± 0.2 

800 0.12 ± 0.01 0.7 ± 0.1 

1000 0.09 ± 0.01 0.6 ± 0.1 
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The performance of the three ES fabricated was tested prior to, during and after 

bending using cyclic voltammetry. Figure 5.4 shows that the CVs from the three stages 

described above were different, showing a variability in the performance of the device 

when bent. However, no distortion in the shape of the voltammograms was observed 

during the bending cycles, showing more stability than in the case of the EDLS 

displayed in section 4.2.2.1. In all the ES tested, bending caused more resistive 

behaviour, while the current in the CV increased corresponding to an increase in the 

capacitance. After bending (blue plot), all of the devices almost recovered the same 

cycle shape showing in the previous relaxing state (black plot). 

 
Figure 5.4 Bending study at the angle of 120 degrees of a) one of the ES and b) the other two 

ES fabricated using [C2mim][NTf2] as the electrolyte at the scan rate of 50 mV s-1 and at 

25 ± 2 ⁰C. Cyclic voltammogram before (blue), during (red) and after (black) bending 

 

The capacitance values obtained from the bending study (Table 5.2) showed a 

resistive behaviour during the bending with an increase in the capacitance that was 

retained after the bending study and could be due to a better contact between the 

active materials after the bending action. The standard deviation for the capacitance 

values showed that the three ES fabricated had similar behaviour when they were 

bent, exhibiting reproducible results.  
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Table 5.2 Specific and areal capacitance average values of the ES using [C2mim][NTf2] as the 

electrolyte during the bending study 

Bending state CSpec. / mF g-1 CAreal / µF cm-2 

Prior to bending 3.9 ± 0.8 23.1 ± 1.5 

120 degrees angle  5.1 ± 1.8 29.5 ± 5.4 

After bending 4.8 ± 1.5 28.1 ± 4.6 

 

 
Figure 5.5 a) Cyclic voltammograms of one of the ES fabricated using [C2mim][NTf2] as the 

electrolyte at every 1000th scan from 2 to 15000 cycles at the scan rate of 50 mV s-1 and at 

25 ± 2 ⁰C, b) specific capacitance during 15000 cycles  

 

The cycle life, at the scan rate of 50 mV s-1 and at 25 ± 2 ⁰C, was studied for one 

of the ES fabricated, as shown in Figure 5.5. The cycle life stability for this device was 

durable and performed for 15000 cycles with an almost 100 % of capacitance 

retention. Most of the devices using PPy as active materials show a poor cycle life of 

10000 cycles maximum due to the structural breakdown of the composite induced by 
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the large volume increase (doping) and decrease (de-doping) of the polypyrrole 

during the charge and discharge cycles [344,36]. This supercapacitor utilising 

polypyrrole bounded to cellulose as composite electrodes showed a considerably 

improved of the durability compared to systems with deposited polypyrrole on 

conductive materials such as carbon-shell electrodes [36] or hierarchical structures of 

functionalised graphene with metal oxide-based electrodes [347,84a]. 

Table 5.3 shows the capacitance values at the beginning of the cycle life and the 

last capacitance values from the 15000th cycle. The capacitance showed a little increase 

in the cycle life study (Figure 5.5 (b)), that may be caused by the thermocapacitance 

during the charge-discharge process as it was explained in section 4.2.2. The average 

specific capacitance obtained during 15000 cycles was 3.0 ± 0.2 mF g-1, and the 

average areal capacitance was 23.0 ± 1.2 µF cm-2, demonstrating an excellent cycle life 

stability. 

Table 5.3 Specific and areal capacitance values of one of the ES using [C2mim][NTf2] as the 

electrolyte at the second cycle and 15000 cycle  

Cycle 2 Cycle 15000 

CSpec / mF g-1 CAreal / µF cm-2 CSpec / mF g-1 CAreal / µF cm-2 

3.0 22.9 3.4 25.9 

 

5.2.1.2. Galvanostatic Charge-discharge 

The electrochemical supercapacitors fabricated were studied also using the 

galvanostatic charge-discharge technique. Different current densities were applied 

from 0.02 µA cm-2 to 1 µA cm-2 using the EW obtained from CV that was 1.6 V (from 

-0.9 V to 0.7 V). Figure 5.6 shows the graphs obtained with this technique at different 

current densities applied. As reported in Chapter 4, a nearly symmetric triangle is 

expected for an ideal double-layer capacitance albeit, for the ES test at small current 

densities, the triangles obtained had a slight deviation from the ideal behaviour. The 

reason for this deviation may be due to a not fully reversible polypyrrole reaction [11] 

(i.e., the doping and de-doping reactions are not totally reversible) [348]. Despite this 

slight deviation, as it was shown in section 5.2.1.1 the supercapacitor could charge 

and discharge for 15000 cycles with no drastic capacitance fading observed.  
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Figure 5.6 GCD curves of one of the ES fabricated using [C2mim][NTf2] as the electrolyte at 

different currents densities applied, 0.02 (black), 0.05 (blue), 0.08 (red), 0.1 (green), 0.2 

(purple), 0.5 (light blue), 0.8 (grey) and 1 µA cm-2 (orange) and at 25 ± 2 ⁰C. 

 

The equivalent series resistance of the ES fabricated using [C2mim][NTf2] as the 

electrolyte was calculated using Equation 4.11, giving a value of 325 ± 92 kΩ. This is 

higher than in the case of the EDLS using [C2mim][NTf2] as the electrolyte (section 

4.2.2.2), and may be due to the PPy and cellulose hydrogen bond interactions. The 

potential drop related to the internal resistance was 7.3 mV at the current density of 

0.02 µA cm-2 and increased to 462 mV at 1 µA cm-2; both values were comparable to 

the EDLS device. 

Figure 5.7 shows the three GCD curves corresponding to the three ES fabricated 

at the current density of 0.05 µA cm-2 and at 25 ± 2 ⁰C. The shape of the triangle was 

similar for all the ES fabricated, showing a small deviation to the right in the positive 

limit of the curve which indicates the existence of redox reactions from the 

polypyrrole. The average time needed for the total charge-discharge for the three ES 

was 131 ± 43 s. A non-homogeneous physical nature of the electrodes due to the 

cellulose-PPy hydrogen bonding could originate the different time needed for charge 

and discharge the three ES fabricated. Even though cellulose and PPy are chemically 

connected and not possible to rip-off, they are not controlled in a uniform way 

physically across the polymer composite surface.  
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Figure 5.7 GCD curves of the three ES fabricated using [C2mim][NTf2] as the electrolyte at the 

current density 0.05 µA cm-2 and at 25 ± 2 ⁰C 

 

Table 5.4 Energy and power average values calculated for the ES using [C2mim][NTf2] as the 

electrolyte at different current densities applied and the discharge time obtained using GCD  

Current 

density / 

µA cm-2 

Discharge 

time / s 

ESpec / mW 

h kg-1 

EDensity / µW h 

cm-2 

PSpec / mW 

kg-1 

PDensity / µW cm-

2 

0.02 251 ± 47 0.20 ± 0.03 0.0012 ± 0.0002 2.9 ± 0.5 0.0174 ± 0.0002 

0.05 66 ± 20 0.13 ± 0.03 0.0008 ± 0.0003 7.4± 1.3 0.044 ± 0.001 

0.08 43 ± 3 0.14 ± 0.02 0.0008 ± 0.0001 11.9 ± 2.1 0.071 ± 0.002 

0.1 30 ± 4 0.12 ± 0.04 0.0007 ± 0.0001 14.5 ± 3.0 0.086 ± 0.001 

0.2 13 ± 2 0.08 ± 0.05 0.0004 ± 0.0002 22.0 ± 12.6 0.13 ± 0.07 

0.5 4 ± 1 0.09 ± 0.03 0.0005 ± 0.0001 68.7 ± 12.6 0.41 ± 0.01 

0.8 3 ± 0 0.08 ± 0.02 0.0005 ± 0.0001 107.8 ± 19.8 0.64 ± 0.02 

1 2 ± 1 0.08 ± 0.03 0.0004 ± 0.0001 128.3 ± 20.4 0.76 ± 0.03 

 

The time that the devices needed to discharge are shown in Table 5.4, the 

maximum time needed was 251 ± 47 s at the lowest current density applied; and for 

the highest current density, the ES discharged in 2 ± 1 s, showing that these ES were 

fast responsive. The maximum energy density was 0.0012 ± 0.0002 µW h cm-2 and the 

maximum power density was 0.76 ± 0.03 µW cm-2. These energy and power values 

were lower than the ones obtained with the EDLS, which could be related to the lower 
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EW of the ES, in comparison to the EDLS. The EW is proportional to the energy and 

power as it was shown in Equation 4.16 and Equation 4.17, respectively. 

5.2.1.3. Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy was employed to study the charge 

transfer and ion diffusion properties of the ES electrode materials during the cycle life.  

 
Figure 5.8 Nyquist plot of ES using [C2mim][NTf2] as the electrolyte during the cycle life 

(25 ± 2 ⁰C): at OCP (purple), after 5000 cycles (orange) and after 15000 cycles (light blue). The 

inset shows the high-frequency part of the Nyquist plot 

 

Figure 5.8 shows the Nyquist graph of the device, including the results obtained 

at the OCP of the ES, after 5000 cycles and when it reached 15000 cycles. At low 

frequencies, the results were similar, showing plots with an angle bigger than 45⁰. In 

contrast, changes were observed at high frequencies as it can be seen in the inset of 

Figure 5.8. The light blue plot corresponding to the 15000-cycle appeared at a lower 

frequency than the plots at OCP and at 5000-cycle. This fact was reflected in the ESR 

of the device that increased from 12.7 kΩ to 30.8 kΩ after 15000 cycles. This alteration 

may be due to thermocapacitance during the charge-discharge process, increasing 

the resistance in the device [326]. Regarding the knee frequency, values changed from 

22.2 KHz to 10.5 kHz, decreasing the range of frequencies at which the energy stored 

was fully accessible (i.e., at frequencies above the knee frequency the energy stored is 

not reported to be fully available) [349]. Despite the drop in frequencies, the knee 

frequency values obtained were still very high in comparison to the literature [339b] 



Chapter 5: Flexible Electrochemical Supercapacitors 

180 

 

and similar to the ones obtained for the EDLS with [C2mim][NTf2] as the electrolyte 

(section 4.2.2.3). 

 
Figure 5.9 Bode plot of ES using [C2mim][NTf2] as the electrolyte during the cycle life 

(25 ± 2 ⁰C): at OCP (purple), after 5000 cycles (orange) and after 15000 cycles (light blue) 

 

With the Bode plot (Figure 5.9) the frequency at -45⁰ (onset frequency) can be 

studied. This frequency was 5.7 Hz at OCP, a value that increased after 5000 cycles to 

8.3 Hz and it dropped to 1.3 Hz after 15000 cycles, i.e., that the range of frequencies 

at which the device shows primarily capacitive behaviour was reduced after 15000 

cycles. As it was explained in section 4.2.2.3, the phase angle of an ideal capacitor 

should be -90⁰ but, as it can be seen in the plot, the phase angle at low frequencies 

never reached -90⁰, being the maximum angle reached -71⁰ and up to frequencies of 

0.04 Hz.  

 Electrochemical Study of the ES Fabricated Using [C2mim][FAP] as the 

Electrolyte 

The study of an electrochemical supercapacitor (pseudocapacitor) using a 

different electrolyte, in this case, [C2mim][FAP], was carried out. 

The active material in this ES was considered to be the polypyrrole from the PPy-

cellfib-IL plasticiser composite film, compromising a 33.3 wt % of the total weight at 

each electrode; the total mass of the active material was 9.0 mg, the area of the 

electrodes 1 cm2 and the thickness of the electrodes 300 ± 50 µm. 

For ES using [C2mim][FAP] as the electrolyte, the OCP found was 0.09 V. 
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5.2.2.1. Cyclic Voltammetry  

The operational voltage for the ES using [C2mim][FAP] as the electrolyte was 

found to be much higher than using the [C2mim][NTf2] IL as the electrolyte. As it can 

be seen in Figure 5.10, the EW obtained was 2.3 V, from -1.3 V to 1 V. The 

voltammogram obtained showed a rectangular and an almost symmetrical shape. The 

specific capacitance obtained for this device at 50 mV s-1 was 3.2 mF g-1 and the areal 

capacitance was 29.1 µF cm-2. Although, the EW for this supercapacitor was 0.7 V 

higher than in the case of the previous ES using [C2mim][NTf2] (section 5.2.1.1) the 

capacitance values were found to be very similar. The same behaviour was observed 

in section 4.2.3.1, for the EDLS devices. 

 

 
Figure 5.10 Cyclic voltammogram of one of the ES using [C2mim][FAP] as the electrolyte at 50 

mV s-1 and at 25 ± 2 ⁰C. Arrows show the scan potential direction of the cyclic 

voltammogram  

 

Figure 5.11 shows the rate capability of this device using [C2mim][FAP] as the 

electrolyte. The voltammograms obtained at different scan rates kept the symmetrical 

and rectangular shape even at the highest scan rates and they showed linear 

enhancement of current with scan rates.  
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Figure 5.11 Cyclic voltammogram of the ES using [C2mim][FAP] as the electrolyte at various 

scan rates: 1000 (orange), 800 (light blue), 500 (purple), 200 (green), 100 (red), 50 (yellow), 20 

(grey) mV s-1 at 25 ± 2 ⁰C. Arrows show the potential direction of the cyclic voltammogram 

and the vertical arrow indicates the faster scan rates applied 

 

The capacitance values obtained decrease when faster scan rates were applied, 

but in this ES the values decrease smoother than in the case of the previous 

supercapacitors reported, as it can be seen in Table 5.5. The maximum specific and 

areal capacitances were 4.96 mF g-1 and 45.4 µF cm-2, respectively, both were obtained 

at the scan rate of 20 mV s-1.  

Table 5.5 Specific and areal capacitance values of the ES using [C2mim][FAP] as the electrolyte 

calculated from the CV at various scan rates  

Scan rate / mV s-1 CSpec. / mF g-1 CAreal / µF cm-2 

20 4.96 45.4 

50 3.18 29.1 

100 1.07 9.8 

200 0.55 5.0 

500 0.22 2.0 

800 0.15 1.4 

1000 0.12 1.1 
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Figure 5.12 Bending study at an angle of 120 degrees of the ES using [C2mim][FAP] as the 

electrolyte at the scan rate of 50 mV s-1. Cyclic voltammogram before (blue), during (red) and 

after (black) bending 

 

During the bending study of this ES using the CV, the voltammogram was 

altered, with increasing current at both cathodic and anodic limits (resistive behaviour) 

as shown in Figure 5.12. After bending the voltammogram did not return to the same 

position of repose condition. From this graph, it can be said that the ES could be used 

as a flexible supercapacitor but the full recovery after bending was not possible. 

Although two different electrolytes were used to fabricate the ES, the same behaviour 

was obtained when the bending study was carried out.  

Table 5.6 shows the capacitance values obtained for the bending study and, 

albeit the voltammograms obtained seemed quite different, the capacitance values 

were almost the same. The average value for the specific capacitance was 4.5 ± 0.09 

mF g-1 and for the areal capacitance, the average value was 41.2 ± 0.9 µF cm-2.  

Table 5.6 Specific and areal capacitance values of the ES using [C2mim][FAP] as the electrolyte 

during the bending study 

Bending state CSpec. / mF g-1 CAreal / µF cm-2 

Prior to bending 4.5 40.8 

120 degrees angle  4.6 42.4 

After bending 4.4 40.2 

 

The cycle life of this electrochemical supercapacitor using [C2mim][FAP] as the 

electrolyte was studied using CV. The voltammograms obtained during 15000 cycles 
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are shown in Figure 5.13 (a), and the capacitance retention during the cycle life can 

be seen in Figure 5.13 (b). From these graphs, the device showed changes during the 

study, i.e., the anodic and cathodic limits became more pronounced, incrementing the 

current of the voltammograms, and showing a more resistive behaviour. These 

changes resulted in a fluctuation in the capacitance retention which can be due to 

temperature changes in the supercapacitor during the charge-discharge, as it was 

explained in section 4.2.2 and/or due to an electromechanical process produced by a 

volume change in the polypyrrole chains during the charge-discharge process [64]. 

The graph of the capacitance retention can be separated into two parts, from the 2nd 

cycle to the 7000th the capacitance retention was maintained around 100 % and, in 

contrast, from the 8000th cycle to the 15000th cycle the capacitance retention increases 

to 140 %.  

 
Figure 5.13 a) Cyclic voltammograms of the ES fabricated using [C2mim][FAP] as the 

electrolyte at every 1000th scan from 2 to 15000 cycles at scan rate of 50 mV s-1 and at 

25 ± 2 ⁰C (arrow shows how the CVs varied during the cycle life) and, b) specific capacitance 

during 15000 cycles  
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The values obtained for this device during the cycle life are shown in Table 5.7 

where the increase in capacitance values can be observed. During the 15000 cycles, 

the capacitance values increase in a 37.5 %. The average values of the capacitance 

during the cycle life were, 4.0 ± 0.5 mF g-1 and 36.3 ± 4.3 µF cm-2 for the specific and 

the areal capacitance, respectively.  

Table 5.7 Specific and areal capacitance of the ES using [C2mim][FAP] as the electrolyte at the 

second cycle and the 15000 cycle  

Cycle 2 Cycle 15000 

CSpec / mF g-1 CAreal / µF cm-2 CSpec / mF g-1 CAreal / µF cm-2 

3.2 29.1 4.4 40.2 

 

5.2.2.2. Galvanostatic Charge-discharge 

 
Figure 5.14 GCD curves of the ES fabricated ES using [C2mim][FAP] as the electrolyte at 

different currents densities applied, 0.02 (black), 0.05 (blue), 0.08 (red), 0.1 (green), 0.2 

(purple), 0.5 (light blue), 0.8 (grey) and 1 µA cm-2 (orange) at 25 ± 2 ⁰C 

 

The electrochemical performance of the symmetric ES using [C2mim][FAP] as the 

electrolyte was further investigated with GCD measurements. Typical charge-

discharge profiles at different current densities are shown in Figure 5.14., showing a 

nearly triangular shape for the charge-discharge profile over the operational voltage 

of the device, from -1.3 V to 1.0 V. From the graph, the time needed for the 

supercapacitor to charge and discharge can be extracted. As it was expected, at the 

lowest current densities the device needed more time to charge and discharge with a 
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total value of 560 s at 0.02 µA cm-2. The ESR value for this ES was 190 ± 72 kΩ showing 

a similar value than in the case of the EDLS using [C2mim][FAP] as the electrolyte. This 

ESR value was much smaller than the ES using [C2mim][NTf2] as the electrolyte, which 

could be due to a better contact between the electrode and this electrolyte or a better 

contact in the assembly. 

The energy and power performance of the device are important factors for 

practical applications. Hence, the specific energy and power, as well as the energy and 

power density were calculated using Equation 4.16 and Equation 4.17. The values 

obtained were summarised in Table 5.8. The discharge time for each current density 

applied showed shorter times with a maximum of 305 s at the current density of 0.02 

µA cm-2, in comparison to the EDLS using the same electrolyte as showed in section 

4.2.3.2 which needed 600 s at 0.02 µA cm-2. Regarding the energy, this ES showed a 

better performance than the previous ES using [C2mim][NTf2] as the electrolyte, with 

a maximum value of specific energy of 0.22 mW h kg-1 and energy density of 0.0020 

µW h cm-2, due to the larger EW obtained. These values were maintained when bigger 

current densities were applied, a demonstration that this ES can store almost the same 

amount of charge at different currents applied. The other important electrochemical 

properties obtained were the specific and density power, 119.7mW kg-1 and 1.10 µW 

cm-2, respectively, which due to the larger EW, were higher than for the ES using 

[C2mim][NTf2] as the electrolyte.  

Table 5.8 Energy and power values calculated at different current densities applied, as well as, 

the discharge time obtained using GCD 

Current density / 

µA cm-2 

Discharge 

time / s 

ESpec / mW 

h kg-1 

EDensity / µW 

h cm-2 

PSpec / mW 

kg-1 

PDensity / µW 

cm-2 

0.02 305 0.22 0.0020 2.6 0.02  

0.05 108 0.20 0.0018 6.5 0.06  

0.08 64 0.19 0.0017 10.4 0.10  

0.1 50 0.18 0.0017 13.0 0.12  

0.2 23 0.17 0.0015 25.9 0.24  

0.5 9 0.15 0.0014 63.4 0.58  

0.8 5 0.14 0.0013 98.9 0.91  

1 4 0.14 0.0012 119.7 1.10  
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5.2.2.3. Electrochemical Impedance Spectroscopy 

 
Figure 5.15 Nyquist plot of the ES using [C2mim][FAP] as the electrolyte during the cycle life 

(25 ± 2 ⁰C): at OCP (purple), after 5000 cycles (orange) and after 15000 cycles (light blue). The 

inset shows the high-frequency part of the Nyquist plot  

 

The EIS results for the ES using [C2mim][FAP] as the electrolyte were more 

complex than in the case of the ES using [C2mim][NTf2], as it can be seen in Figure 

5.15. During the first 5000 cycles, the purple and orange plots showed almost the 

same tilt at the lower frequencies whilst the plot corresponding to the 15000th cycle 

(light blue) suffered a decay at the lower frequencies. The angle of all the three plots 

at various cycle stages were more than 45 ⁰C showing capacitive behaviour, as it can 

be seen in the inset of Figure 5.15. The knee frequencies values obtained for this 

supercapacitor were 15.3 kHz at OCP, 7.2 kHz after 5000 cycles and 15.3 KHz after 

15000 cycles. The ESR of this ES was 1.3 kΩ at OCP, reaching 1.7 kΩ after cycling for 

15000 cycles. The EIS results support the fact that after 5000 cycles there is a change 

in the supercapacitor behaviour, as it was shown in section 5.2.2.1 and Figure 5.13 

during the cycle life study.  

Using the representation known as Bode plot, Figure 5.16, the different 

behaviour of the ES during the cycle life study can be observed more clearly. At the 

OCP and after 15000 cycles, the frequency at the phase of impedance -45⁰ showed 

the same value of 79.1 Hz, whilst the frequency at 5000 cycles was 54.3 Hz. In the case 

of the capacitance behaviour at the lower frequencies, a huge difference can be 

noticed among the three results presented. The light blue plot corresponding to the 
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15000th cycle showed a resistive behaviour from frequencies below 4.5 mHz. Hence, 

this ES with [C2mim][FAP] as electrolyte exhibited capacitive behaviour and after 15000 

cycles started to show resistive behaviour, between frequencies from 4.5 mHz to 79.1 

Hz. 

 
Figure 5.16 Bode plot of the ES using [C2mim][FAP] as the electrolyte during the cycle life 

(25 ± 2 ⁰C): at OCP (purple), after 5000 cycles (orange) and after 15000 cycles (light blue)  

 

 Chemical and Physical Study of the ES Electrodes 

As in section 4.2.4 several techniques: Fourier transform infrared (FT-IR), 

thermogravimetric analysis (TGA) and scanning electron microscopy (SEM), were 

employed to study the fresh films and after the cycling process. In this case, PPy-

cellfib-IL plasticiser film before and after being used them as electrodes in the ES using 

[C2mim][NTf2] as electrolyte for a cycle life of 15000 cycles. 

5.2.3.1. Fourier Transform Infrared (FT-IR) 

Figure 5.17 shows the infrared spectra of the PPy-cellfib-IL plasticiser film before 

(black plot) and after being used as both electrodes (red and green plots) in the ES 

for 15000 cycles. In the overlaid spectra (Figure 5.17), the green plot is the one with 

more changes in comparison with the black plot (fresh film). The main changes found 

were at: (i) the broad peak at 3300 cm-1 corresponding to the N-H stretching of the 

polypyrrole and the O-H stretching of the cellulose and (ii) the peak at 1050 cm-1 

corresponding to the C-O, C-OH, C-H and C-O-C ring deformation of the cellulose 

and the C-H deformation of the polypyrrole. In both cases, the intensity of the peak 

was reduced substantially. These changes can be due to the oxidation and reduction 
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of the polypyrrole taking place repeatedly during the 15000 cycles at this electrode 

(green plot) which, therefore, may be assigned as the positive electrode. The other 

film (red plot) would then correspond to the negative electrode [64]. 

 
Figure 5.17 Infrared spectra of the PPy-cellfib-IL plasticiser fresh film (black) and after using it 

as both electrodes for 15000 cycles in the EDLS using [C2mim][NTf2] as the electrolyte (red 

and green) 

 

5.2.3.2. Thermogravimetric Analysis (TGA) 

 
Figure 5.18 Thermogram of the PPy-cellfib-IL plasticiser fresh film (black plot) and the same 

film used as both electrodes during 15000 cycles in the ES using [C2mim][NTf2] as the 

electrolyte (green and red plots) 
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Figure 5.18 shows the thermogram obtained for the PPy-cellfib-IL plasticiser 

fresh film (black plot) and after being used as both electrodes (green and red plots) 

in the ES. From the graph, the black plot had two decomposition temperatures, and, 

in contrast, the green and red plots had three decomposition temperatures.  

Table 5.9 shows that the water content remained almost the same in the films 

after using them as electrodes for 15000 cycles. The first decomposition temperature 

of the films after using them as electrodes decreased around 10 ⁰C in comparison to 

the fresh film. The second decomposition temperature may be related to the IL 

plasticiser, [P6 6 6 14][NTf2], that was retained inside the film even after the 

electrochemical study, contrary to what happened when the graphite-cellfib-IL 

plasticiser was used as electrodes in the EDLS (section 4.2.4.1). This could be related 

to a better stability of the components due to the polypyrrole-cellulose hydrogen 

bonding. The appearance of a third decomposition temperature in the used films can 

be due to the polypyrrole redox reactions involved in the charge-discharge cycles and 

related to the dopant in the polypyrrole. The amount of residue that remained 

(~ 20 %), was small in comparison to the electrodes from the EDLS (section 4.2.4.2) 

which had a residue of ~ 40 %. This may be due to the absence of the graphite 

component which has a very high decomposition temperature.  

Table 5.9 Water content and decomposition temperature (Tonset) values of the PPy-cellfib-IL 

plasticiser film before and after being used as the electrode for 15000 cycles in the ES using 

[C2mim][NTf2] as the electrolyte 

Films Water content / % 1st Tonset / ⁰C 2nd  Tonset / ⁰C 3rd Tonset / ⁰C 

Before used (black plot) 2.63 256 387 - 

After used (red plot) 2.99 244 343 424 

After used (green plot) 2.77 246 355 425 

 

5.2.3.3. Scanning Electron Microscopy (SEM) 

Figure 5.19 shows three pictures obtained for the same PPy-cellfib-IL plasticiser 

film (a) before and, (b) after using it as the two electrodes (positive and negative) in 

the ES. The bottom pictures from (b) revealed that the surface is covered still with the 

ionic liquid electrolyte, [C2mim][NTf2], used in the device, even after washing with 

methanol. In addition, beneath the electrolyte layer, the picture of the right shows that 

the surface is much rougher than in the picture on the left. This can be attributed to 
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the polypyrrole oxidation and reduction during the charge-discharge cycles leading 

to electroactivation. It is known from the literature [64] that the fast and reversible 

redox reactions from PPy during the charge-discharge cycling have as a consequence 

a volume change in the polymer chains. This volume change can explain the surface 

change observed in the electrode on the right picture. As it was discussed previously 

in section 5.2.3.1, if there is an indication that polypyrrole has been oxidised and 

reduced over the film, it can be said that it corresponds to the positive electrode. 

Therefore, the film on the right can be identified as the positive electrode and the film 

on the left can be identified as the negative electrode. 

 
Figure 5.19 SEM pictures with a magnification of 1K of the (a) PPy-cellfib-IL plasticiser fresh 

film and (b) the same film after using it as both electrodes for 15000 cycles in the ES using 

[C2mim][NTf2] as the electrolyte 

 

In Figure 5.20 the cross-section of one of the electrodes used in the ES is shown. 

From this picture, the thickness of the film was estimated to be of 90.5 µm. Albeit the 

surface was covered with electrolyte, distinct layers can be seen inside the film, as it 

was observed in the EDLS electrode in section 4.2.4.3. 

b) 

a) 
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Figure 5.20 Cross-section SEM picture of one of the electrodes of the ES using [C2mim][NTf2] 

as the electrolyte showing the thickness of this film after 15000 cycles 

 

 
Figure 5.21 EDX spectra of both electrodes after 15000 cycles in the ES using [C2mim][NTf2] 

as the electrolyte 

 

Figure 5.21 shows the EDX obtained for the PPy-cellfib-IL plasticiser composite 

used as both electrodes in the electrochemical supercapacitor. As it can be seen in 

Table 5.10, both electrode films showed the same elements (C, O, S, F and P) almost 

with the same weight percent. The elements found belonged to the polypyrrole, 

cellulose and IL plasticiser ([P 6 6 6 14][NTf2]) as well as the dopant. The higher weight 
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percent of the elements P, S and F in comparison to the fresh film (data taken from 

section 3.8.2) could be due to the remaining electrolyte [C2mim][NTf2]. 

Table 5.10 Elemental analysis of the PPy-cellfib-IL plasticiser as fresh film and both electrodes 

used for 15000 cycles in the ES using [C2mim][NTf2] as the electrolyte 

Composite film name C / 

wt % 

O / 

wt % 

F / 

wt % 

S / 

wt % 

P / 

wt % 

Cl / 

wt % 

Fresh film 62.3 35.1 - 1.3 1.0 - 

Electrode film 1  60.1 26.1 11.6 1.6 0.7 - 

Electrode film 2 63.8 26.0 4.3 4.4 1.5 - 

 

5.3. Summary and Conclusions 

The fabrication and characterisation of a set of flexible electrochemical 

supercapacitors were achieved successfully. A PPy-cellfib-IL plasticiser composite film 

was used as both electrodes and two ionic liquids were chosen as electrolytes, 

[C2mim][NTf2] and [C2mim][FAP].  

The ES with the wider operational voltage showed a value of 2.3 V, using 

[C2mim][FAP] as the electrolyte, and in the case of the ES using [C2mim][NTf2] as the 

electrolyte, the EW found was 1.6 V. It was possible to obtain the same EW in a set of 

three ES, showing reproducibility. Both devices, with different electrolytes, showed a 

high cycle life stability, being able to charge and discharge for more than 15000 cycles 

with an almost 100 % of capacitance retention. During the cycle life, the areal 

capacitance for the ES using [C2mim][NTf2] as the electrolyte was 23.0 ± 1.2 µF cm-2 

and, for the ES using [C2mim][FAP] as the electrolyte was 36.3 ± 4.3 µF cm-2. 

Regarding the energy and power of these devices, the maximum energy and 

power values obtained were 0.002 µWh cm-2 and 1.10 µW cm-2, respectively, from the 

ES using [C2mim][FAP] as the electrolyte.  

From the electrochemical impedance spectroscopy experiments, the capacitive 

behaviour of these devices was studied showing an onset frequency value at OCP of 

5.7 Hz in the case of the [C2mim][NTf2], and 79.1 Hz for the [C2mim][FAP]. In other 

words, the ES using [C2mim][FAP] as the electrolyte showed capacitive behaviour for 

a wider range of frequencies than in the case of the other ES using [C2mim][NTf2] as 

the electrolyte. 

The PPy-cellfib-IL plasticiser composite film was studied before and after using 

it as both electrodes in the ES for 15000 cycles. Using infrared-ATR, TGA and SEM/EDX. 
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This allowed to differentiate between the positive and negative electrodes, due to the 

changes induced by variations on the polypyrrole volume during the charge-

discharge process.  
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Chapters 4 and 5 introduced two types of supercapacitors, an electrical double-

layer and an electrochemical supercapacitor, respectively. In the case of the EDLS, the 

graphite-cellfib-IL plasticiser composite was used as both electrodes in the device 

where the active material was the graphite and in the case of the ES, the PPy-cellfib-

IL plasticiser composite film was utilised as both electrodes where the active material 

was the polypyrrole. Both supercapacitors showed good electrochemical 

characteristics, therefore, the aim of this chapter is to combine both active materials 

(graphite and polypyrrole) in one electrode using a PPy-cellfib-IL plasticiser-graphite 

composite film and its application as both electrodes in a flexible and symmetric 

supercapacitor.  

This new supercapacitor was called symmetric hybrid supercapacitor (HS) 

because both electrodes contained materials with a different mechanism for storing 

charge; graphite with an electrical double-layer mechanism and polypyrrole with an 

electrochemical electron transfer mechanism.  

Chapter 6 will show the electrochemical study of the HS as well as, how the 

combination of both compounds in the same electrode affects the electrochemical 

characteristics of the supercapacitors. An improvement in the supercapacitors 

characteristics is expected due to the increase of electronic conductivity of the film 

with the addition of the graphite in comparison to the ES.  

6.1. Experimental Part 

In this section, the experimental part related to the fabrication of a set of hybrid 

supercapacitors and their electrochemical characterisation is described.  

 Fabrication of the Flexible HS 

The preparation of the conducting polymer-biopolymer-ionic liquid-graphite 

(PPy-cellfib-IL plasticiser-graphite film) composite electrode used in the HS was 

carried out using the procedure reported in section 3.8.1. All composite films used as 

electrodes were dried prior to assembly in a vacuum desiccator for 48 h. 

The assembly of the hybrid supercapacitors was carried out as reported in 

section 4.1.2 and Figure 4.2. 
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 Electrochemical Study of the HS Fabricated 

The electrochemical performance of the electrochemical supercapacitor was 

studied as in section 4.1.3 and Figure 4.3. Similarly to that discussed in Chapters 4 and 

5 (re., EDLS and ES devices, respectively) a set of three HS using [C2mim][NTf2] as the 

electrolyte and one HS using [C2mim][FAP] as the electrolyte were characterised. 

6.2. Results and Discussion 

 Electrochemical Study of the HS Fabricated Using [C2mim][NTf2] as the 

Electrolyte 

The electrochemical study of a set of three hybrid supercapacitors using 

[C2mim][NTf2] as the electrolyte was carried out to established their energy storage 

and power release capabilities. All the electrochemical measurements were performed 

in a two-electrode configuration at 25 ± 2 ⁰C to mimic practical applications.  

An HS, described in this thesis, is an energy storage device with electrochemical 

and electrical double-layer charge storage and release mechanisms. The active 

materials were considered the polypyrrole and graphite from PPy-cellfib-IL plasticiser-

graphite composite film, compromising a 50.0 wt % of the total weight at each 

electrode; the total mass of the active material was 11.0 ± 1.0 mg. The area of the 

electrodes was 1 cm2 and the thickness of the electrodes 210 ± 60 µm. 

For the set of HS using [C2mim][NTf2] as the electrolyte, the OCP found was 

0.013 ± 0.009 V. 

6.2.1.1. Cyclic Voltammetry 

In this section, the cyclic voltammetry study of the hybrid supercapacitor was 

carried out. The first characteristic investigated was the operational voltage of the 

device that resulted to be from -1.1 V to 1.1 V (2.2 V) being the widest operational 

voltage among the three supercapacitors using [C2mim][NTf2] as the electrolyte 

presented in this thesis. This demonstrates the good stability of the electrodes that 

combine polypyrrole and graphite in the PPy-cellfib-IL plasticiser-graphite composite 

film. Besides, the operational voltage of these devices using [C2mim][NTf2] as the 

electrolyte vary between 1.6 and 2.2 V, comparable to IL-based supercapacitors from 

the literature [310a,350,77].  
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Figure 6.1 shows the cyclic voltammogram obtained for one of the HS fabricated 

where a symmetrical and almost rectangular cycle was obtained showing the existence 

of capacitance for this device.  

 
Figure 6.1 Cyclic voltammogram of one of the HS using [C2mim][NTf2] as the electrolyte at 50 

mV s-1 and at 25 ± 2 ⁰C. Arrows show the potential direction of the cyclic voltammogram 

 

As in the other chapters, the reproducibility of the device was analysed as it is 

shown in Figure 6.2 by fabricating three identical HS devices and testing them using 

CV. From the voltammograms obtained it can be seen clearly that two of them showed 

a similar cycle area whilst, one of them showed a much bigger cycle area. This 

difference affected the capacitance values obtained and resulted in a bigger variance 

than in the case of the previous supercapacitors described in section 4.2.2.1 and 

5.2.2.1. The capacitance values obtained for these HS were 2.6 ± 1.3 mF g-1 and 

27.1 ± 11.9 µF cm-2 for the specific and areal capacitance, respectively. If the specific 

capacitance values are compared to the EDLS and ES, the following trend can be seen 

EDLS > ES > HS in contrast, if the areal capacitance is compared, the trend changed 

as EDLS > HS > ES. The reason for this discrepancy between specific and areal 

capacitance was related to the weight % of the active material that was different for 

each supercapacitor. Therefore, it is more reliable to use the areal capacitance for the 

comparison among supercapacitors.  
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Figure 6.2 Cyclic voltammograms of the three HS fabricated using [C2mim][NTf2] as the 

electrolyte at 50 mV s-1 and at 25 ± 2 ⁰C. Arrows show the potential direction of the cyclic 

voltammogram 

 

 
Figure 6.3 Cyclic voltammogram of the one HS using [C2mim][NTf2] as the electrolyte at 

various scan rates: 1000 (orange), 800 (light blue), 500 (purple), 200 (green), 100 (red), 50 

(yellow), 20 (grey) mV s-1 and at 25 ± 2 ⁰C. Arrows show the potential direction of the cyclic 

voltammogram and the vertical arrow shows the faster scan rates applied 

 

The rate capability for this supercapacitor was studied using cyclic voltammetry, 

as shown in Figure 6.3. The graph shows how the cyclic voltammogram changed when 

different scan rates were applied. As it was expected the voltammogram was wider by 

current density when higher scan rates were applied. Consequently, the capacitance 

decreases at higher scan rates following Equation 4.8. The most relevant fact is that 
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the nearly rectangular shape and symmetric voltammograms were retained even at 

the high scan rate of 1 V s-1.  

The capacitance values for each scan rate applied were calculated and they are 

shown in Table 6.1. The capacitance values decreased from 73.3 ± 31.4 µF cm-2 at 20 

mV s-1 to 0.8 ± 0.3 µF cm-2 at 1 V s-1, as seen with the other supercapacitors studied 

(see Table 4.6 and Table 5.1). The capacitance values were reduced more drastically at 

slow scan rates than at high scan rates, where the values decreased smoothly.  

Table 6.1 Specific and areal capacitance average values of the HS using [C2mim][NTf2] as the 

electrolyte calculated from the CV at various scan rates  

Scan rate / mV s-1 CSpec. / mF g-1 CAreal / µF cm-2 

20 7.0 ± 3.5 73.3 ± 31.4 

50 2.7 ± 1.2 28.3± 10.9 

100 1.1 ± 0.7 11.3 ± 6.3 

200 0.5 ± 0.3 5.1 ± 2.6 

500 0.17 ± 0.08 1.8 ± 0.7 

800 0.10 ± 0.05 1.0 ± 0.4 

1000 0.08 ± 0.03 0.8 ± 0.3 

 

The bending study of the three HS was carried out, and the results are presented 

in Figure 6.4. The three different voltammograms obtained for each device are 

displayed showing an excellent electrochemical stability during the bending state. 

Figure 6.4 (a) shows the bending study of one of the HS which was the device with 

highest bending stability, since very similar voltammograms were obtained before, 

during and after bending the device. In the case of the other two, Figure 6.4 (b) and 

(c), during the bending state (red plot) a different voltammogram was obtained but 

after the bending study, the voltammogram recovered the same cycle than before the 

bending state. Therefore, it was demonstrated that the three HS fabricated retained 

the electrochemical properties under bending. 

This superior stability may be attributed to the homogeneity in the composite 

material and to the chemical stabilisation that was achieved by hydrogen bond and 

electrostatic forces in the composite among all the components.  
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Figure 6.4 Bending study at 120 degrees of a) one of the HS and b) the other two HS using 

[C2mim][NTf2] as the electrolyte at the scan rate of 50 mV s-1and at 25 ± 2 ⁰C. Cyclic 

voltammogram before (blue), during (red) and after (black) bending 

 

Table 6.2 shows the capacitance values during the bending study. As it was 

demonstrated by the cyclic voltammograms, the capacitance values reflected also an 

excellent bending stability, with very similar capacitance values obtained before and 

after the application of the bending state.  

Table 6.2 Specific and areal capacitance average values of the HS using [C2mim][NTf2] as the 

electrolyte during the bending study 

Bending state CSpec. / mF g-1 CAreal / µF cm-2 

Prior to bending 2.4 ± 1.5 25.4 ± 13.5 

120 degrees angle  2.7 ± 1.2 28.7 ± 10.9 

After bending 2.4 ± 1.5 24.7 ± 14.3 

 

The cycle life stability of one of the hybrid supercapacitors was studied using CV 

for 15000 cycles as it is shown in Figure 6.5 (a); the voltammograms obtained showed 

an excellent cycle life stability with a little increase in the cycles current that was 

reflected in the capacitance retention (Figure 6.5 (b)) where an increment of a 30 % in 

the capacitance was found after 15000 cycles.  

The almost 100 % of capacitance retention obtained during 15000 cycles for this 

HS device demonstrated that the combination of cellulose chemically bound to PPy 

and the addition of graphite to form the composite electrodes improved considerably 

the durability of the HS. For example, the mixture of reduced graphene oxide, 

polypyrrole and cellulose via a soak-polymerisation method to obtain supercapacitor 
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electrodes was published in 2017 by Wan et al. [351] showing a maximum capacitance 

retention of 89.5 % during 5000 cycles.  

 
Figure 6.5 a) Cyclic voltammograms of one of the HS fabricated using [C2mim][NTf2] as the 

electrolyte at every 1000th scan from scan 2 to 15000 cycles at the scan rate of 50 mV s-1 and 

at 25 ± 2 ⁰C, b) specific capacitance during 15000 cycles  

 

The raise in the capacitance during the cycle life can be also seen in Table 6.3, 

where the capacitance value of the 2nd and 15000 cycles is shown. As the other devices 

described, the increase in capacitance can be related to the thermocapacitance (see 

section 4.2.2). The average specific capacitance during the cycle life was 4.8 ± 0.4 mF 

g-1 and for the areal capacitance, the average value was 47.2 ± 3.7 µF cm-2. 
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Table 6.3 Specific and areal capacitance of one of the HS using [C2mim][NTf2] as the electrolyte 

at the second cycle and at the 15000 cycle  

Cycle 2 Cycle 15000 

CSpec / mF g-1 CAreal / µF cm-2 CSpec / mF g-1 CAreal / µF cm-2 

4.1 41.0 5.4 54.0 

 

6.2.1.2.  Galvanostatic Charge-discharge 

 
Figure 6.6 GCD curves of one of the HS fabricated using [C2mim][NTf2] as the electrolyte at 

different currents densities applied, 0.02 (black), 0.05 (blue), 0.08 (red), 0.1 (green), 0.2 

(purple), 0.5 (light blue), 0.8 (grey) and 1 µA cm-2 (orange) at 25 ± 2 ⁰C 

 

Galvanostatic charge-discharge experiments revealed the rate capability of the 

device applying different current densities. As with the previous supercapacitors 

reported, the devices were subjected to current densities from 0.02 to 1 µA cm-2 to 

study their charge-discharge capability and their equivalent series resistance within 

the operational voltage obtained (2.2 V) from cyclic voltammetry. Hybrid 

supercapacitor charge-discharge curves are shown in Figure 6.6. At the lowest current 

density (0.02 µA cm-2) a little plateau at the positive limit is observed, that can 

correspond to a quasi-reversible redox reaction from the polypyrrole as mentioned in 

section 5.2.1.2 for the electrochemical supercapacitor [11]. In contrast, from current 

densities of 0.05 µA cm-2, nearly symmetric triangular curves were obtained, which 

were closer to the ideal triangle shape than in the case of the EDLS and ES, discussed 

in sections 4.2.2.1 and 5.2.2.1, respectively. 

-1.10

-0.80

-0.50

-0.20

0.10

0.40

0.70

1.00

0 200 400 600 800 1000

P
o

te
n

ti
a

l 
/ 
V

Time / s



Chapter 6: Flexible Hybrid Supercapacitors 

204 

 

Therefore, the HS showed better performance than the EDLS and ES devices 

using current densities higher than 0.05 µA cm-2, further confirming the reinforcement 

of electrical properties of graphite and the redox properties of PPy.  

In terms of total charge-discharge time, the HS needed around 400 s at 0.05 µA 

cm-2 which is comparable to graphene-reinforced polyaniline-based supercapacitors 

[352].  

As it was discussed above a set of three hybrid supercapacitors was fabricated 

and analysed. The reproducibility was tested by GCD, comparing the charge-discharge 

curves at 0.05 µA cm-2 as shown in Figure 6.7. The three curves looked similar requiring 

a total charge-discharge time of 347 ± 36, indicating a good reproducibility.  

The ESR for the HS, calculated using Equation 4.11, was 323 ± 35 kΩ. A 

comparison of the ESR among the three types of supercapacitors fabricated shows 

the following trend from the smallest to the biggest ESR value: EDLS < HS < ES. 

Therefore, the combination of polypyrrole and graphite decreased the ESR in 

comparison to the ES. 

 
Figure 6.7 GCD curves of the three HS devices fabricated using [C2mim][NTf2] as the 

electrolyte at the current density 0.05 µA cm-2 and at 25 ± 2 ⁰C 

 

From the GCD measurements and using Equation 4.16 and Equation 4.17, the 

energy and power features of the hybrid supercapacitors were studied. The values 

obtained are presented in Table 6.4. The maximum energy density obtained (at the 

current density of 0.05 µA cm-2) was 0.003 ± 0.001 µW h cm-2 that corresponded to a 
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specific energy of 0.30 ± 0.07 mW h kg-1. The energy density for the HS was the 

highest among the three types of supercapacitors, following the trend: HS > EDLS > 

ES. In the case of the power density, the maximum value obtained was 1.05 ± 0.21 µW 

cm-2, and for the specific power, the value was 99.7 ± 28.5 mW kg-1. The comparison 

of the power density was carried out among the supercapacitors, showing the 

following trend: EDLS > HS > ES. Therefore, it was possible to improve the energy 

storage in HS in comparison to the other two supercapacitors, whilst the power 

density was not reduced. The power density decreased from EDLS to ES, from 

1.16 ± 0.12 µW cm-2 to 0.76 ± 0.03 µW cm-2. 

Table 6.4 Energy and power average values calculated for the HS using [C2mim][NTf2] as the 

electrolyte at different current densities applied and the discharge time obtained using GCD  

Current 

density / 

µA cm-2 

Discharge 

time / s 

ESpec / mW 

h kg-1 

EDensity / µW h 

cm-2 

PSpec / mW 

kg-1 

PDensity / µW cm-

2 

0.02 438 ± 129 0.28 ± 0.10 0.003 ± 0.001 2.3 ± 0.1 0.025 ± 0.001 

0.05 194 ± 32 0.30 ± 0.07 0.003 ± 0.001 5.4 ± 0.5 0.0583 ± 0.0002 

0.08 68 ± 25 0.17 ± 0.08 0.002 ± 0.001 8.8 ± 0.9 0.094 ± 0.002 

0.1 53 ± 18 0.17 ± 0.07 0.002 ± 0.001 11.0 ± 1.1 0.117 ± 0.003 

0.2 27 ± 6 0.11 ± 0.09 0.0012 ± 0.0009 13.9 ± 9.6 0.15 ± 0.09 

0.5 8 ± 1 0.11 ± 0.04 0.0012 ± 0.0003 48.9 ± 16.3 0.52 ± 0.13 

0.8 5 ± 0 0.10 ± 0.03 0.0011 ± 0.0002 80.0 ± 24.1 0.84 ± 0.18 

1 4 ± 1 0.10 ± 0.03 0.0011 ± 0.0003 99.7 ± 28.5 1.05 ± 0.21 

 

6.2.1.3. Electrochemical Impedance Spectroscopy 

From the Nyquist plot showed in Figure 6.8 the ion diffusion and charge transfer 

properties of the HS fabricated were studied. The graph shows the results obtained 

during the cycle life of the device during 15000 cycles. At low frequencies, an almost 

straight line was obtained at the OCP of the device, as well as, after 5000 and 15000 

cycles, showing the excellent stability of the device. The inset of Figure 6.8 displays 

the high frequencies part, showing that the plots, after the knee frequency, had an 

angle of more than 45 degrees demonstrating that this device showed capacitance. 

The stability of this device was already established from the ESR obtained during the 

cycle life which hardly changed, from 5.21 kΩ to 5.98 kΩ. In the case of the knee 
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frequency, the value did not change during the cycle life showing a constant value of 

15.3 kHz.  

The comparison of the three types of supercapacitors shows that the ESR 

increase following the trend EDLS < HS < ES, which agrees with the GCD results 

showed in section 6.2.1.2. The knee frequency obtained at the OCP of each type of 

supercapacitor was the same for the EDLS and ES with a value of 22.2 kHz whilst, the 

HS showed a value of 15.3 kHz. Albeit the value of the knee frequency for the HS at 

the OCP was smaller than the other supercapacitors, this value did not change during 

the cycle life. 

 
Figure 6.8 Nyquist plot of the HS using [C2mim][NTf2] as the electrolyte during the cycle life 

(25 ± 2 ⁰C): at OCP (purple), after 5000 cycles (orange) and after 15000 cycles (light blue). The 

inset shows the high-frequency part of the Nyquist plot 

 

Figure 6.9 shows the Bode plot where the onset frequency at -45⁰ was obtained 

e.g. at OCP this frequency value was 8.3 Hz and after 15000 cycles the frequency 

decreased to 2.7 Hz, showing a dropping in the range of frequencies at which the HS 

showed primarily capacitive behaviour. The values obtained were comparable to the 

electrochemical supercapacitor (section 5.2.1.3).  

The maximum phase of impedance reached for this supercapacitor was -82⁰ 

showing a very close to ideal capacitive behaviour up to frequencies of 0.1 Hz.  
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Figure 6.9 Bode plot of the HS using [C2mim][NTf2] as the electrolyte during the cycle 

life(25 ± 2 ⁰C): at OCP (purple), after 5000 cycles (orange) and after 15000 cycles (light blue)  

 

 Electrochemical Study of the HS Fabricated Using [C2mim][FAP] as the 

Electrolyte 

A hybrid supercapacitor using [C2mim][FAP] as the electrolyte was studied to 

analyse how the electrolyte affects the supercapacitor characteristics. 

The active materials in this HS were considered the graphite and the polypyrrole 

from the PPy-cellfib-IL plasticiser-graphite composite film, compromising a 50.0 wt % 

of the total weight at each electrode; the total mass of the active material was 10.8 

mg; the area the electrodes 1 cm2 and the thickness of the electrodes 210 ± 60 µm. 

For the HS using [C2mim][FAP] as the electrolyte the OCP found was 0.04 V. 

6.2.2.1. Cyclic Voltammetry 

In the case of the operational voltage of the hybrid supercapacitor using 

[C2mim][FAP] as the electrolyte, the value found was 3.2 V. This operational voltage 

was the widest EW found in this thesis which demonstrates the good combination of 

the electrode PPy-cellfib-IL plasticiser-graphite composite film and the electrolyte 

[C2mim][FAP]. The voltammogram obtained for this device was rectangular and 

symmetrical demonstrating an ideal capacitive behaviour, as shown in Figure 6.10. The 

capacitance values calculated with Equation 4.10 at 50 mV s-1 and at 25 ± 2 ⁰C were 

2.52 mF g-1 and 27.1 µF cm-2 for the specific capacitance and the areal capacitance, 

respectively.  
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Figure 6.10 Cyclic voltammogram of the HS using [C2mim][FAP] as the electrolyte at 50 mV s-

1 and at 25 ± 2 ⁰C. Arrows show the potential direction of the cyclic voltammogram 

 

 
Figure 6.11 Cyclic voltammogram of the HS using [C2mim][FAP] as the electrolyte at various 

scan rates: 1000 (orange), 800 (light blue), 500 (purple), 200 (green), 100 (red), 50 (yellow), 20 

(grey) mV s-1 and at 25 ± 2 ⁰C. Arrows show the potential direction of the cyclic 

voltammogram and the vertical arrow shows the faster scan rates applied 

 

The study of the cyclic voltammograms obtained at different scan rates was 

carried out as shown in Figure 6.11. The symmetrical and rectangular shape was 

maintained even at the fastest scan rates showing a good rate capability for the HS 

device using [C2mim][FAP] as the electrolyte.  

Table 6.5 shows the capacitance values obtained at different scan rates with a 

maximum specific capacitance value of 7.08 mF g-1 (76.1 µF cm-2) at the lowest scan 
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rate. The capacitance calculated showed very similar values for the EDLS using 

[C2mim][FAP] as the electrolyte (section 4.2.3.1). In comparison to the ES using 

[C2mim][FAP] as the electrolyte (section 5.2.2.1), the capacitance values were higher 

demonstrating the improvement of combining graphite and polypyrrole in the 

electrode.  

Table 6.5 Specific and areal capacitance values of the HS using [C2mim][FAP] as the electrolyte 

calculated from the CV at various scan rates  

Scan rate / mV s-1 CSpec. / mF g-1 CAreal / µF cm-2 

20 7.08 76.1  

50 2.52 27.1  

100 1.28 13.8  

200 0.64 6.9  

500 0.24 2.6  

800 0.14 1.5  

1000 0.11 1.2  

 

The bending study of this device was carried using cyclic voltammetry (Figure 

6.12) prior to, during and after bending the device. The angle chosen was 120 degrees 

and, as it can be seen when the electrochemical characterisation was carried out in 

the bending state, the voltammogram increased in current density showing a resistor 

behaviour. After the bending state, the voltammogram did not recover the previous 

shape. However, the bending study of this device showed better stability than the ES 

using [C2mim][FAP] as the electrolyte (section 5.2.2.1, Figure 5.12).  
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Figure 6.12 Bending study at 120 degrees of the HS using [C2mim][FAP] as the electrolyte at 

the scan rate of 50 mV s-1 and at 25 ± 2 ⁰C. Cyclic voltammogram before (blue), during (red) 

and after (black) bending 

 

The capacitance during the bending study is shown in Table 6.6. The values 

obtained showed that the capacitance decreased during and after the bending study 

as it was seen for the ES using [C2mim][FAP] as the electrolyte (Table 5.6).  

Table 6.6 Specific and areal capacitance values of the HS using [C2mim][FAP] as the electrolyte 

during the bending study 

Bending state CSpec. / mF g-1 CAreal / µF cm-2 

Prior to bending 3.0 31.99 

120 degrees angle  2.8 30.61 

After bending 2.5 27.08 

 

The cycle life stability of this supercapacitor is shown in Figure 6.13; an excellent 

stability was achieved for this device. Figure 6.13 (a) shows the voltammograms 

obtained during 15000 cycles and as it can be seen the cycle just suffered a little 

change in the positive limit, however, as it is displayed in Figure 6.13 (b) the 

capacitance retention nearly did not change during these 15000 cycles.  
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Figure 6.13 (a) Cyclic voltammograms of the HS fabricated using [C2mim][FAP] as the 

electrolyte at every 1000th scan from scan 2 to 15000 cycles at the scan rate of 50 mV s-1 and 

at 25 ± 2 ⁰C, (b) capacitance retention during 15000 cycles  

 

The average capacitance value during the 15000 cycles was 2.8 ± 0.1 mF g-1 for 

the specific capacitance and 30.3 ± 0.9 µF cm-2 for areal capacitance, showing only a 

small variance during the cycle life. The values of the 2nd and 15000th cycles are shown 

in Table 6.7. 

Table 6.7 Specific and areal capacitance of the HS using [C2mim][FAP] as the electrolyte at the 

second cycle and 15000 cycles  

Cycle 2 Cycle 15000 

CSpec / mF g-1 CAreal / µF cm-2 CSpec / mF g-1 CAreal / µF cm-2 

2.5 27.1 3.0 32.2 
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6.2.2.2. Galvanostatic Charge-discharge 

The rate capability of the HS using [C2mim][FAP] as the electrolyte was studied 

with the GCD technique. The charge-discharge curves obtained at different current 

densities applied are shown in Figure 6.14. The curves for this device showed a 

symmetric triangle demonstrating its ideal capacitive behaviour. The ESR value 

obtained for this supercapacitor had a value of 269 ± 145 kΩ; similar to that of the 

EDLS using [C2mim][FAP] as the electrolyte. The trend of the ESR among the three 

supercapacitors using [C2mim][FAP] as the electrolyte was as follows, HS ≈ EDLS > ES. 

 
Figure 6.14 GCD curves of the HS fabricated using [C2mim][FAP] as the electrolyte at different 

currents densities applied, 0.02 (black), 0.05 (blue), 0.08 (red), 0.1 (green), 0.2 (purple), 0.5 

(light blue), 0.8 (grey) and 1 µA cm-2 (orange) and at 25 ± 2 ⁰C 

 

From the charge-discharge curves, this HS needed more than 1000 s to charge 

and discharge at the lowest current density applied (0.02 µA cm-2), hence it can be 

said that this supercapacitor was the slowest in comparison to the other two devices 

using [C2mim][FAP] as the electrolyte, presented in sections 4.2.3.2 and 5.2.2.2. 

The energy and power values at each current density applied are summarised 

in Table 6.8. The maximum value of specific energy obtained was 0.72 mW h kg-1 and 

for the energy density the value was 0.008 µW h cm-2. These values were very similar 

to the EDLS and higher than the ES. The maximum specific power value was 165.8 mW 

kg-1 and the power density was found to be 1.78 µW cm-2. The power density for the 

HS was the highest value among the three devices; however, the value of the specific 
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power was found to be between those of the EDLS and the ES using [C2mim][FAP] as 

the electrolyte, following the trend: EDLS> HS> ES. 

Table 6.8 Energy and power values calculated for the HS using [C2mim][FAP] as the electrolyte 

at different current densities applied, as well as, the discharge time obtained using GCD 

Current density / 

µA cm-2 

Discharge 

time / s 

ESpec / mW 

h kg-1 

EDensity / µW 

h cm-2 

PSpec / mW 

kg-1 

PDensity / µW 

cm-2 

0.02 710 0.72 0.008 3.6 0.04  

0.05 264 0.59 0.006 8.0 0.09  

0.08 111 0.39 0.004 12.8 0.14  

0.1 88 0.39 0.004 15.9 0.17  

0.2 42 0.36 0.004 31.2 0.34  

0.5 15 0.33 0.004 77.4 0.83  

0.8 9 0.31 0.003 121.6 1.31  

1 7 0.33 0.004 165.8 1.78  

 

6.2.2.3. Electrochemical Impedance Spectroscopy 

 
Figure 6.15 Nyquist plot of the HS using [C2mim][FAP] as the electrolyte during the cycle life 

(25 ± 2 ⁰C): at OCP (purple), after 5000 cycles (orange) and after 15000 cycles (light blue). The 

inset shows the high-frequency part of the Nyquist plot 

 

EIS was used to obtain the Nyquist plot showed in Figure 6.15. The ESR values 

obtained during the cycle life changed from 2.2 kΩ to 2.8 kΩ at the same “knee 
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frequency” of 22.2 kHz. The ESR values obtained were very similar to the EDLS and ES 

devices using [C2mim][FAP] as the electrolyte. This demonstrates that the devices were 

well assembled and were reproducible even using different composites as electrodes. 

In the case of the “knee frequency”, the result showed a better access and diffusion of 

the electrolyte into the electrode than the other two supercapacitors fabricated. The 

trend obtained for the “knee frequency” at the OCP among the three supercapacitors 

was the following HS > EDLS ≈ ES. 

From the Bode plot, Figure 6.16, the frequency at the phase of the angle of -45⁰ 

was found to decrease from 37.24 Hz, at the OCP, to 12.08 Hz after 15000 cycles. The 

comparison of the onset frequencies among the three types of supercapacitors using 

[C2mim][FAP] as the electrolyte revealed the following trend: ES > HS > EDLS. 

Therefore, the ES showed a wider range of frequencies at which the capacitive 

behaviour was predominant, followed by the HS [160]. This device showed a maximum 

phase of impedance of -84⁰, demonstrating an ideal double-layer capacitance 

behaviour up to frequencies of 0.41 Hz.  

 
Figure 6.16 Bode plot of the HS using [C2mim][FAP] as the electrolyte during the cycle life at 

(25 ± 2 ⁰C): at OCP (purple), after 5000 cycles (orange) and after 15000 cycles (light blue)  

 

 Chemical and Physical Study of the HS Electrodes 

Fourier transform infrared (FT-IR) spectroscopy, thermogravimetric analysis 

(TGA) and scanning electron microscopy (SEM) were employed to study the electrodes 

(PPy-cellfib-IL plasticiser-graphite film) of the flexible HS using [C2mim][NTf2] as the 

electrolyte before and after using them as electrodes for 15000 cycles. 
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6.2.3.1. Fourier Transform Infrared (FT-IR) 

Figure 6.17 shows the infrared spectra corresponding to the PPy-cellfib-IL 

plasticiser-graphite fresh film (black plot) and after being using as both electrodes for 

15000 cycles in the hybrid supercapacitor (red and green plots). The spectra of this 

film show the fewest changes in intensity or shape of the peaks, compared to the 

other devices studied. Therefore, this film used as an electrode appears to be more 

stable than the other films used in the EDLS and ES. It seems that the polypyrrole-

graphite combination was a good choice for storing and releasing charge in a 

supercapacitor. 

 

Figure 6.17 Infrared spectra of the PPy-cellfib-IL plasticiser-graphite fresh film (black) and 

after using it as both electrodes for 15000 cycles in the HS using [C2mim][NTf2] as an 

electrolyte (red and green) 

 

6.2.3.2. Thermogravimetric Analysis (TGA) 

Figure 6.18 shows the thermogram graph obtained for the PPy-cellfib-IL 

plasticiser-graphite as a fresh film (black plot) and after being used as both electrodes 

(green and red plots) in the hybrid supercapacitor. All the plots looked similar and, 

therefore, in agreement with the IR results, it was possible to confirm the good 

stability of the PPy-cellfib-IL plasticiser-graphite film after using it as electrodes for 

15000 cycles in the HS using [C2mim][NTf2] as the electrolyte.  
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Figure 6.18 Thermogram of the PPy-cellfib-IL plasticiser-graphite fresh film (black plot) and 

the same film used as both electrodes during 15000 cycles in the HS using [C2mim][NTf2] as 

the electrolyte (green and red plots) 

 

Table 6.9 shows that the water content was almost the same for the three films 

and in the case of the first decomposition temperature, the value decreased after 

using the film as electrodes for 15000 cycles. The second decomposition temperature, 

related to the IL plasticiser, [P6 6 6 14][NTf2], did not suffer any change.  

Table 6.9 Water content and decomposition temperature (Tonset) values of the PPy-cellfib-IL 

plasticiser-graphite film before and after being used as both electrodes for 15000 cycles in the 

HS HS using [C2mim][NTf2] as the electrolyte 

Films Water content / % 1st Tonset / ⁰C 2nd Tonset / ⁰C 

Before used (black plot) 2.21 282 369 

After used (red plot) 2.36 272 367 

After used (green plot) 2.53 265 371 

 

6.2.3.3. Scanning Electron Microscopy (SEM) 

Figure 6.19 shows three pictures obtained for the same PPy-cellfib-IL plasticiser-

graphite film (a) before and, (b) after being used as the two electrodes (positive and 

negative) in the hybrid supercapacitor. As it can be seen from (b), the picture on the 

left was very different in comparison to picture (a). In contrast, the picture on the right 

was very similar to (a) the fresh film. The picture on the left may, therefore, correspond 

to the positive electrode, as indicated by the change on the surface, as also suggested 
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in the case of the ES (section 5.2.3). In the negative electrode (right picture), there was 

no change on the surface because the graphite is the material that stored the charge 

electrostatically. 

 
Figure 6.19 SEM pictures with a magnification of 1K of the (a) PPy-cellfib-IL plasticiser-

graphite fresh film and (b) the same film after using it as both electrodes for 15000 cycles in 

the HS using [C2mim][NTf2] as the electrolyte 

 

 
Figure 6.20 Cross-section SEM picture of one of the electrodes of the HS using [C2mim][NTf2] 

as the electrolyte showing the thickness of this film after 15000 cycles 

 

a) 

b) 
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Figure 6.20 shows the cross-section of one of the composites used as an 

electrode for 15000 in the HS using [C2mim][NTf2] as the electrolyte. The thickness of 

this film was 35.9 µm. As well as with the other two films already studied (section 4.2.4 

and 5.2.3), a layered part inside the electrode can be seen from the cross-section.  

 
Figure 6.21 EDX spectra of both electrodes used for 15000 cycles in the HS using 

[C2mim][NTf2] as the electrolyte 

 

Figure 6.21 shows the elemental analysis of the composite PPy-cellfib-IL 

plasticiser-graphite after using it as both electrodes in the hybrid supercapacitor. The 

elements in each electrode (Table 6.10) were the same but the nitrogen, that appeared 

in just one of the electrodes, could be due to the volume change of the PPy during 

the charge and discharge processes (positive electrode). In comparison to the fresh 

film (section 3.8.2), the amount of C decreased from 70 wt % to ~ 63 wt % and in the 

case of the O, it increased from 14.4 wt % to ~ 30 wt %. 
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Table 6.10 Elemental analysis of the PPy-cellfib-IL plasticiser-graphite as fresh film and as both 

electrodes used for 15000 cycles in the HS using [C2mim][NTf2] as the electrolyte 

Composite film name C / 

wt % 

O / 

wt % 

N / 

wt % 

F / 

wt % 

S / 

wt % 

P / 

wt % 

Cl / 

wt % 

Fresh film 70.1 14.4  11.5 2.8 1.2 - 

Electrode film 1 61.0 30.4 4.1 3.6 1.0 - - 

Electrode film 2 64.7 29.6 - 4.4 1.4 - - 

 

6.3. Summary and Conclusions 

In this chapter, a study of symmetric and flexible hybrid supercapacitors using 

as both electrodes a PPy-cellfib-IL plasticiser-graphite composite film was carried out. 

Both electrostatic and electrochemical mechanisms were involved for the storage of 

the charge in the supercapacitor. A set of three HS was fabricated using the IL 

[C2mim][NTf2] as the electrolyte and, one HS using [C2mim][FAP] as the electrolyte.  

The HS with [C2mim][FAP] showed the widest EW (3.2 V) of all the devices in this 

thesis. The EW of the HS with [C2mim][NTf2] was 2.2 V. The maximum areal capacitance 

values obtained for the HS were 73.3 ± 31.4 µF cm-2 and 76.1 µF cm-2 for the HS using 

[C2mim][NTf2] and [C2mim][FAP], respectively. These capacitances were very similar to 

the EDLS fabricated and much higher than the values for the ES. In addition, the HS 

showed a better performance under bending conditions than in the case of the ES. 

These improvements exposed that the combination of graphite and polypyrrole 

offered better energy storage characteristics than using just polypyrrole in the 

composite electrode.  

The HS using [C2mim][FAP] as the electrolyte showed the highest specific and 

density energy among all the devices shown in this thesis. The value of specific energy 

was 0.72 mWh kg-1 and for the energy density the value found was 0.008 µWh cm-2. 

In the case of the power, it was found that the HS using [C2mim][FAP] as the electrolyte 

showed the maximum power density (1.78 µW cm-2) among all the supercapacitors.  

From the EIS experiments, the cycle stability could be tested, showing an 

excellent stability for 15000 cycles in both HS fabricated with different electrolytes. 

The stability of the composite electrodes was also demonstrated by the chemical 

characterisation of the electrodes before and after using them in the HS. IR 

spectroscopy, thermal and SEM/EDX experiments showed that the composites did not 

suffer any drastic change after the charge-discharge experiments.  
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The use of an ionic liquid gel as an electrolyte in solid-state devices relies on the 

advantages that it offers such as being leakage free, maintenance of the 

electrochemical properties of the neat ionic liquid electrolyte and possibility of shape 

modification depending on the application. Hence, they are considered to be safer 

electrolytes than liquid electrolytes, with large electrochemical windows and good 

mechanical compliance [22c,348]. As it was described in section 2.1.3.2, an ionic liquid 

gel is a solid ionic liquid-based composite supported by a structural matrix which 

offers many benefits of ILs in an immobilised form and it is flexible [33]. Different 

methods can be used for the formation of the ionic liquid gels e.g. sol-gel silica 

formation, copolymer gelation and thermal-or UV-initiated radical polymerisation 

[151].  

This chapter describes the work carried out for 5 weeks at Tuft’s University in 

Medford (USA). This opportunity was possible due to the Competitive Mobility 

Scholarship granted by Santander Universities UK in 2016. The group where this work 

was carried out, is called “Green Energy and Nanostructured Electronics Laboratory” 

(GENE Lab) under the supervision of Prof Matthew J. Panzer, whose work is focused 

on the design and characterisation of ionic liquid gel electrolytes [353].  

The collaboration with Prof Panzer’s group enabled to achieve the fabrication 

and testing of solid-state flexible supercapacitors by combining the electronically 

conducting polymer–biopolymer-IL composite electrodes fabricated at QUILL and the 

ionic liquid gel electrolyte formed at GENE Lab. 

Throughout this chapter, the fabrication and characterisation of two electrical 

double-layer supercapacitors (EDLS) were described. The first EDLS was assembled 

using an ionic liquid, [C4mim][NTf2], as the electrolyte, and the other EDLS was 

fabricated using an ionic liquid gel, [C4mim][NTf2] gel. In both cases, the same 

electrodes (graphite-cellfib-IL plasticiser composite film) and current collectors 

(graphene paper, CAS number 7782-42-5) were used.  

7.1. Mobility Scholarship Project Objectives 

The project aim consisted of fabricating and testing flexible supercapacitors 

based on ionic liquid gels as electrolytes and conducting biopolymer composites as 

electrodes. To achieve this goal the following steps were followed: 

https://www.sigmaaldrich.com/catalog/search?term=7782-42-5&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=GB&focus=product
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• Step 1: Supercapacitor fabrication with the cellulose-based composite electrodes 

fabricated and air-stable ionic liquids 

• Step 2: Ionic liquid gels synthesis based on the best performing ionic liquids from 

step 1 

• Step 3: Fabricate and test supercapacitors based on the best selection of 

candidates from steps 1 and 2 

7.2. Experimental Part 

All materials used are shown in Appendix A.1, as well as, the instrumental 

techniques used in this chapter are disclosed in Appendix A.2. 

 Synthesis of Ionic Liquid Gel Electrolytes  

The ionic liquid gel electrolyte was synthesised following the method from 

Visentin and Panzer [33,354] that form the gel via an in situ UV-initiated cross-linking 

of poly(ethylene glycol) diacrylate (PEGDA) inside an ionic liquid, in this case, the ionic 

liquid chosen was 1-butyl-3-methylimidazolium bis{(trifluoromethyl)sulfonyl}amide, 

[C4mim][NTf2]. 

 
Figure 7.1 UV-cured ionic liquid gel formed using filter paper as a template. The photo a) 

shows the filter papers soaked in the mixture, b) exposition of this mixture to the UV light 

and c) the ionic liquid gel formed and integrated to the filter paper  

 

The first step consisted of the synthesis of the ionic liquid gel; in a small glass 

sample bottle, the IL precursor, [C4mim][NTf2], was added and weighed (921 mg). 

Then, 7 wt % of the polymer, PEGDA (75 mg) and a small amount (13 mg) of the UV-

initiator, HOMPP, was added. After all the components were added, the mixture was 

stirred using a Vortex mixer, and the mixture was impregnated over both sides of a 

filter paper separator (Figure 7.1 (a)). Finally, the impregnated separator was exposed 

to a longwave UV radiation at 365 nm for 3 minutes (Figure 7.1 (b)), obtaining the 

ionic liquid gel as it can be seen in Figure 7.1 (c). The way contemplated to create the 
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ionic liquid gel over a filter paper (separator) was carried out considering its posterior 

application as a solid-state electrolyte in a supercapacitor. 

 Fabrication of the EDLS Using [C4mim][NTf2] as the Electrolyte 

The procedure for this fabrication took place using the same method as it was 

explained in section 4.1.2, based on a sandwich shape. Figure 7.2 shows the photo of 

the symmetric device fabricated. The current collectors were graphene paper, both 

electrodes were composed of graphite-cellfib-IL plasticiser film, the electrolyte was 

the IL, [C4mim][NTf2], and the separator was a filter paper. This supercapacitor was not 

sealed using polyester self-adhesive sheets as the previous devices, in this case, the 

supercapacitor was pressed between two glasses with paper clips to carry out the 

electrochemical measurements as it can be seen in Figure 7.2. 

 
Figure 7.2 Photo of the EDLS fabricated with graphite-cellfib-IL plasticiser as both electrodes 

and using [C4mim][NTf2] as the electrolyte 

 

 Fabrication of the Solid-state EDLS Using [C4mim][NTf2] Gel as the 

Electrolyte  

After the paper separator with the ionic liquid gel was ready as explained in 

section 7.2.1, the assembly of the supercapacitor was carried out using the sandwich 

model, as explained in section 4.1.2. Graphene paper was used as current collectors 

and graphite-cellfib-IL plasticiser film as both electrodes obtaining a symmetric solid-

state EDLS. Like the previous supercapacitor, the device assembly was sandwiched 

using two glass plates as it can be seen in Figure 7.3.  
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Figure 7.3 Photo of the EDLS fabricated with graphite-cellfib-IL plasticiser as both electrodes 

and using [C4mim][NTf2] gel as the electrolyte 

 

7.3.  Results and Discussion  

 Electrochemical Study of the EDLS Using [C4mim][NTf2] as the 

Electrolyte 

The EDLS fabricated used the graphite-cellfib-IL plasticiser composite as both 

electrodes, considered as the active material the graphite, that corresponded to a 33.3 

wt % of the total weight of the electrodes, hence the active material mass was 13.99 

mg with an area of 1 cm2, and thickness of the electrodes was 335 ± 26 µm. 

7.3.1.1. Cyclic Voltammetry 

The first electrochemical technique employed was cyclic voltammetry which 

revealed the operational voltage of the device, 2.0 V, as it can be seen in Figure 7.4. 

The capacitance obtained, using Equation 4.10, for this device at the scan rate of 100 

mV s-1 was 10.8 mF g-1 and 151.4 µF cm-2 for the specific and areal capacitance, 

respectively. The capacitance values were higher in comparison to the EDLS using 

[C2mim][NTf2] as the electrolyte, described in Chapter 4. This raise in the capacitance 

may be due to the use of more conducting current collectors such as graphene paper 

instead of aluminium foil, that can reduce the resistance within the electrodes and 

increase the capacitance [355].  
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Figure 7.4 Cyclic voltammogram of an EDLS fabricated using [C4mim][NTf2] as the electrolyte 

at 100 mV s-1 and at 25 ± 2 ⁰C. Arrows show the potential direction of the cyclic 

voltammogram 

 

Different scan rates were applied to test how the capacitance changed. As it can 

be seen in Figure 7.5, the cycles showed a more resistor behaviour when faster scan 

rates were applied, as it was expected. 

 
Figure 7.5 Cyclic voltammogram of a EDLS using [C4mim][NTf2] as the electrolyte at various 

scan rates: 1000 (orange), 800 (light blue), 500 (purple), 200 (green), 100 (red) mV s-1 and at 

25 ± 2 ⁰C. Arrows show the potential direction of the cyclic voltammogram and the vertical 

arrow indicates the faster scan rates applied 

 

The capacitance values obtained for this supercapacitor at different scan rates 

are summarised in Table 7.1. The areal capacitance decreased from 151.4 µF cm-2 at 
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100 mV s-1 to 6.5 µF cm-2 at 1 V s-1, showing that the resistivity of the device increased 

considerably when faster scan rates were used.  

Table 7.1 Specific and areal capacitance values of a EDLS using [C4mim][NTf2] as the electrolyte 

calculated from the CV at various scan rates 

Scan rate / mV s-1 CSpec. / mF g-1 CAreal / µF cm-2 

100 10.8 151.4 

200 4.2 59.0 

500 1.2 16.9 

800 0.6 8.8 

1000 0.5 6.5 

 

7.3.1.2. Galvanostatic Charge-Discharge 

 
Figure 7.6 GCD curves of the EDLS fabricated using [C4mim][NTf2] as the electrolyte at 

different currents densities applied: 1 (black), 2 (blue), 5 (red), 10 (green) and 15 (purple) µA 

cm-2 and at 25 ± 2 ⁰C 

 

The next technique employed was galvanostatic charge-discharge using 

constant currents between 1 and 15 µA cm-2. The charge-discharge curves obtained 

are shown in Figure 7.6. The triangle curves obtained for 1 and 5 µA cm-2 showed a 

little plateau at the positive limit showing a deviation from the ideal double-layer 

supercapacitor behaviour. This deviation is sometimes observed in carbon-based SCs, 

and it could be due to a limitation in the pore accessibility because of a steric effect. 

If there is a decrease in the pore size, the cation cannot freely access the pores. The 
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cation in this device, [C4mim]+, is bigger in comparison to the other devices in this 

thesis, which used [C2mim][NTf2] as the electrolyte [30]. The maximum time needed 

for this device to charge and discharge was 151 s at the lowest current density of 1 

µA cm-2, showing a fast EDLS. The ESR obtained for this device was 52 ± 21 kΩ, lower 

than in the case of the EDLS using [C2mim][NTf2] as the electrolyte, described in 

Chapter 4. The viscosity of the electrolyte, [C4mim][NTf2], is higher (45 mPa∙s at 25 ⁰C) 

than the electrolyte [C2mim][NTf2] used in Chapter 4, with a viscosity of 37 mPa∙s at 

25 ⁰C [342b]. Therefore, the decrease in the ESR may be attributed to the nature of 

electrodes and current collectors, for example, the use of the graphene paper instead 

of aluminium foil as current collectors reduces the resistance with the electrodes due 

to its higher conductivity [355], and also pressing the device with a paper clip rather 

than hand sealing for EDLS in chapter 4. This also provides evidence on tunability.  

From the GCD graph, the capacitance values were obtained as it is shown in 

Table 7.2. The maximum capacitance values for the specific and areal capacitance at 

the current density of 1 μA cm-2 were 2.7 mF g-1 and 38.0 µF cm-2, respectively. 

Table 7.2 Specific and areal capacitances obtained from the GCD plot at every current density 

applied to the EDLS using [C4mim][NTf2] as the electrolyte  

Current density / μA cm-2 CSpec / mF g-1
 CAreal / µF cm-2 

1 2.7 38.0 

2 1.6 22.6 

5 0.9 12.1 

10 0.6 8.0 

15 0.5 6.6 

 

The energy and power values were determined using the GCD graph and 

Equation 4.16 and Equation 4.17. Table 7.3 shows the values obtained. The maximum 

value obtained for the specific energy was 1.39 mW h kg-1, and for the energy density 

was 0.0194 µW h cm-2, at the smallest current density (1 μA cm-2). The energy values 

decreased when higher current densities were applied. In contrast, the power values 

increased at higher current densities showing a maximum value of 913.07 mW kg-1 

for the specific power and 12.77 µW cm-2 for the power density. In comparison to the 

EDLS from Chapter 4, the energy and power values obtained here were higher than 

the ones obtained in Chapter 4; the increase in the energy and power can be due to 
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several factors: (i) the higher capacitance values obtained for this EDLS, (ii) the 

discharge time needed for this EDLS that was five times faster than in the case of the 

previous EDLS (Chapter 4) and (iii) the smaller ESR obtained for this device.  

Table 7.3 Energy and power values calculated from the GCD plot at the different current 

densities applied, as well as, the discharge time obtained for the EDLS using [C4mim][NTf2] as 

the electrolyte 

Current density / 

µA cm-2 

Discharge 

time / s 

ESpec / mW 

h kg-1 

EDensity / µW 

h cm-2 

PSpec / mW 

kg-1 

PDensity / µW 

cm-2 

1 64.3 1.39 0.0194 77.51 1.08 

2 19.3 0.79 0.0111 147.99 2.07 

5 3.4 0.38 0.0053 345.99 4.84 

10 1.2 0.21 0.0029 617.73 8.64 

15 0.6 0.15 0.0021 913.07 12.77 

 

7.3.1.3. Electrochemical Impedance Spectroscopy 

 
Figure 7.7 Nyquist plot of the EDLS using [C4mim][NTf2] as the electrolyte at OCP and at 

25 ± 2 ⁰C 

 

EIS was used to confirm the capacitive behaviour of this device. Figure 7.7 shows 

the Nyquist plot of the EDLS using [C4mim][NTf2] as the electrolyte at the OCP and at 

25 ± 2 ⁰C. The knee frequency obtained from the Nyquist plot was 31.6 kHz and the 

ESR value 8.4 kΩ. Both values obtained were similar to the ones obtained for the EDLS 

using [C2mim][NTf2] as the electrolyte showed in section 4.2.2.3. This knee frequency 
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showed a high value, demonstrating that this device had a higher maximum frequency 

at which capacitive behaviour is dominant in comparison to a few solid-state EDLS 

found in the literature [230,356].  

From the Bode plot, Figure 7.8, the onset frequency at -45 degrees showed a 

value of 0.15 mHz and the maximum phase of impedance obtained was -64 degrees, 

demonstrating, as well as in the GCD curves, a deviation from the ideal double-layer 

supercapacitor behaviour. The onset frequency obtained was lower in comparison to 

the EDLS from Chapter 4, therefore, this device shows capacitive behaviour for a lower 

range of frequencies. 

 
Figure 7.8 Bode plot of the EDLS using [C4mim][NTf2] as the electrolyte at OCP and at 

25 ± 2 ⁰C 

 

 Electrochemical Study of the Solid-state EDLS Using [C4mim][NTf2] Gel 

as the Electrolyte 

In this section, the electrochemical characterisation of an EDLS using 

[C4mim][NTf2] gel as the electrolyte is described. A solid-state EDLS was assembled 

and characterised using the graphite-cellfib-IL plasticiser composite film as both 

electrodes, considering graphite as the active material that corresponded to 33.3 wt % 

of the total weight of the electrodes hence, the active material mass was 10.82 mg 

with an area of 0.81 cm2 and thickness of 320 µm. The current collectors were 

graphene paper and the separator filter paper.  
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7.3.2.1. Cyclic Voltammetry  

The cyclic voltammogram obtained for this solid-state EDLS is shown in Figure 

7.9 where the operational voltage found was 1.5 V. In comparison to the EW of the 

EDLS using [C4mim][NTf2] as the electrolyte, the EW decreased 0.5 V in the new device. 

However, a better symmetric and rectangular cycle for this device at 200 mV s-1 with 

a specific capacitance of 13.0 mF g-1 and areal capacitance of 173.4 µF cm-2 was 

obtained. The capacitance values for the solid-state EDLS were larger than for the 

EDLS using [C4mim][NTf2] as the electrolyte. 

 
Figure 7.9 Cyclic voltammogram of the EDLS fabricated using [C4mim][NTf2] gel as the 

electrolyte at 200 mV s-1 and at 25 ± 2 ⁰C. Arrows show the potential direction of the cyclic 

voltammogram 

 

The areal capacitance of this EDLS is higher than a solid-state supercapacitor 

based on graphene electrodes developed by Gao et al. [357] in 2013. The authors 

fabricated a transparent and flexible solid-state EDLS using graphene sheets as 

electrodes and poly(vinyl alcohol)/phosphoric acid gel as the electrolyte which 

showed an areal capacitance of 12.4 µF cm-2 at 10 mV s-1. 

The rate capability was studied using CV. Different scan rates were applied as 

shown Figure 7.10 and the symmetric and rectangular shape of the cycle was 

maintained even at the highest scan rate of 1 V s-1, in contrast to the previous EDLS 

(section 7.3.1), which showed resistance behaviour at faster scan rates. Therefore, the 

use of the IL gel as the electrolyte has improved the rate capability of the device.  
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Figure 7.10 Cyclic voltammogram of the EDLS using [C4mim][NTf2] gel as the electrolyte at 

various scan rates: 1000 (orange), 800 (light blue), 500 (purple), and 200 (green) mV s-1 and at 

25 ± 2 ⁰C. Arrows show the potential direction of the cyclic voltammogram and the vertical 

arrow indicates the faster scan rates applied 

 

The high rate capability can be confirmed by the capacitance results obtained 

(Table 7.4) that showed high values even at high scan rates. The maximum values 

obtained were 13.0 mF g-1 and 173.4 µF cm-2 at the scan rate of 200 mV s-1 for the 

specific and areal capacitance, respectively. 

Table 7.4 Specific and areal capacitance values of the EDLS using [C4mim][NTf2] gel as the 

electrolyte calculated from the CV at various scan rates 

Scan rate / mV s-1 CSpec. / mF g-1 CAreal / µF cm-2 

200 13.0 173.4 

500 5.6 74.6 

800 1.6 21.2 

1000 1.2 16.3 

 

7.3.2.2. Galvanostatic Charge-Discharge  

The galvanostatic charge-discharge experiments showed symmetric and 

triangular curves demonstrating an almost ideal double-layer capacitance behaviour. 

Also, a drastic IRdrop during the onset of the discharge process was observed (Figure 

7.11). The maximum time needed for charge and discharge the device was 34 s at the 

current density of 1 µA cm-2, and the minimum time was 1 s at the current density of 

15 µA cm-2; half of the time needed in comparison to the EDLS using [C4mim][NTf2] as 
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the electrolyte (section 7.3.1.2). The ESR obtained from this device was found to be 

44 ± 31 kΩ, which is similar to the ESR obtained for the EDLS using [C4mim][NTf2] as 

the electrolyte, demonstrating that the solid nature of the electrolyte did not increase 

the resistance in the device.  

 
Figure 7.11 GCD curves of the EDLS fabricated using [C4mim][NTf2] gel as the electrolyte at 

different currents densities applied, 1 (black), 2 (blue), 5 (red), 10 (green) and 15 (purple) µA 

cm-2 and at 25 ± 2 ⁰C 

 

The capacitance values obtained from the GCD experiments were lower than in 

the case of the CV technique as it is shown in Table 7.5. The maximum values for the 

specific capacitance were found to be 1.0 mF g-1 and 12.1 µF cm-2, respectively. 

Table 7.5 Specific and areal capacitances obtained from the GCD plot at every current density 

applied to the EDLS using [C4mim][NTf2] gel as the electrolyte 

Current density / μA cm-2 CSpec / mF g-1
 CAreal / µF cm-2 

1 1.0 12.1 

2 0.8 10.4 

5 0.7 8.2 

10 0.6 7.1 

15 0.5 6.5 

 

The final evaluation of the EDLS performance was carried out through the 

calculation of the energy and power at each current density applied. As it can be seen 

in Table 7.6, the maximum specific energy and energy density found was 0.31 mW h 
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kg-1 and 0.0038 µW h cm-2, respectively. The specific power and power density had 

values of 1123.9 mW kg-1 and 13.85 µW cm-2, respectively. These power values were 

higher than in the case of the previous EDLS using [C4mim][NTf2] as the electrolyte, as 

it was expected due to the good rate capabilities showed with the cyclic voltammetry 

and galvanostatic charge-discharge techniques. In the case of the energy, the solid-

state EDLS showed lower values than the previous EDLS (section 7.3.1.2) 

Table 7.6 Energy and power values calculated at different current densities applied using GCD 

as well as the discharge time obtained of the EDLS using [C4mim][NTf2] gel as the electrolyte 

Current density / 

µA cm-2 

Discharge 

time / s 

ESpec / mW 

h kg-1 

EDensity / µW 

h cm-2 

PSpec / mW 

kg-1 

PDensity / µW 

cm-2 

1 16.4 0.31 0.0038 67.3 0.83 

2 6.9 0.26 0.0033 137.9 1.70 

5 2.18 0.21 0.0026 343.9 4.24 

10 0.91 0.18 0.0022 716.4  8.83 

15 0.53 0.17 0.0020 1123.9 13.85 

 

7.3.2.3. Electrochemical Impedance Spectroscopy  

EIS was employed to understand the capacitive behaviour of the solid-state 

supercapacitor which revealed a low ESR with a value of 0.3 kΩ (taken from the 

Nyquist plot showed in Figure 7.12). In the inset of this graph hardly a semi-circular 

loop corresponding to the charge-transfer resistance was found in the high-frequency 

region producing, as a result, a decrease in the ESR of the device. The knee frequency 

is known as the separation frequency among the high frequencies and low frequencies 

but, as well as in the case of the ESR, there was no inflexion point where to do the 

separation; therefore, the knee frequency was considered to be the first frequency 

recorded, in this case, 100 kHz. These results indicated that this system is kinetically 

fast, which agrees with the galvanostatic charge-discharge results.  

In comparison to the EDLS shown in Chapter 4, the knee frequency revealed that 

this device can store energy at a larger range of frequencies and showed a lower value 

of ESR. Therefore, it can be said that the combination of the electrodes (graphite-

cellfib-IL plasticiser composite film) and the [C4mim][NTf2] gel as the electrolyte 

showed good supercapacitor characteristics with the advantage that the materials to 

fabricate the device were in the solid-state. 
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Figure 7.12 Nyquist plot of the EDLS using [C4mim][NTf2] gel as the electrolyte at OCP (light 

blue) and at 25 ± 2 ⁰C 

 

In Figure 7.13 the Bode plot of the solid-state EDLS is displayed, showing the 

dependency of the phase of the impedance with the frequencies. The onset frequency 

was found to be 39.8 Hz which means that this supercapacitor showed primarily 

capacitance behaviour for a higher range of frequencies than the previous EDLS using 

[C4mim][NTf2] as the electrolyte. The maximum phase of impedance obtained for this 

EDLS was around -72 degrees showing an almost ideal double-layer capacitive 

behaviour that was accessible for frequencies below 1 Hz.  

 
Figure 7.13 Bode plot of the EDLS using [C4mim][NTf2] gel as the electrolyte at OCP (light 

blue) and at 25 ± 2 ⁰C 
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7.4. Summary and Conclusions  

In this chapter, the work developed for 5 weeks at Tuft’s University was 

described, starting with the synthesis of ionic liquid gels over both sides of a filter 

paper to obtain a filter paper impregnated with an electrolyte gel. The ionic liquid gel 

fabricated was composed of the ionic liquid [C4mim][NTf2] and a polymer known as 

PEGDA. The polymerisation process to obtain the gel electrolyte was carried out using 

a UV-initiator called HOMPP and UV radiation, obtaining the [C4mim][NTf2] gel 

electrolyte. 

Two EDLS were fabricated and electrochemically characterised. One had an IL 

gel as the electrolyte, and therefore, it was a solid-state EDLS. The other device was 

assembled with the same IL but in a liquid state for comparison.  

The solid-state EDLS fabricated showed a maximum EW of 1.5 V with maximum 

specific and areal capacitance values of 13.0 mF g-1 and 173.4 µF cm-2, respectively. In 

the case of the energy, the maximum values obtained were 0.31 mWh kg-1 and 0.0038 

µWh cm-2 for the specific and energy density, respectively. The maximum specific 

power value obtained was 1123.9 mW kg-1, and 13.85 µW cm-2 for the power density. 

The results obtained for the solid-state EDLS were quite similar to the results obtained 

when the electrolyte was the IL [C4mim][NTf2] in the liquid state. However, there were 

some differences such as the EW obtained that was 2.0 V, the specific energy with a 

value of 1.42 mWh kg-1 and the energy density was 0.0198 µWh cm-2.  

Therefore, the fabrication of a solid-state supercapacitor was achieved showing 

good energy storage characteristics that can be compared to the neat IL as the 

electrolyte.  

It was not possible to carry out bending studies and a further cycle life the for 

the supercapacitors fabricated in this period, due to time restrictions. Additional 

studies can be done using the composite films obtained (Chapter 3) and the IL gel 

electrolytes described in this chapter. 
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The aim of this thesis consisted of fabricating a flexible supercapacitor (FSC) by 

developing new flexible cellulose-based electrodes and ionic liquids as the electrolyte. 

Therefore, the fabrication of flexible electrodes and their characterisation was the first 

part of the project. After the flexible electrodes synthesis was optimised, their 

assembly as electrodes in a sandwich shape and symmetric supercapacitor was carried 

out. Finally, the supercapacitor was characterised electrochemically.  

A novel strategy for producing a new class of electronically active materials 

comprising electronically conducting polymer-biopolymer composites that are 

chemically blended was reported in Chapter 3. A one-pot synthesis method was 

proposed (Figure 8.1) in which the use of the ionic liquids technology to dissolve 

biomass, in this case, a biopolymer such as cellulose was exploited. Afterwards, within 

the cellulose-IL solvent mixture an in situ polymerisation of an electronically 

conducting polymer, specifically, polypyrrole which provided electronic conductivity 

was carried out. An IL plasticiser, [P6 6 6 14][NTf2], and graphite were added to the 

mixture to enhance the flexibility and conductivity of the resulting composite films 

obtained, respectively. This one-pot mixture of components was used to cast 

electrode films using a simple coating machine resulting in a free-standing film.  

The cellulose-based composite films obtained were characterised using 

different techniques such as infrared spectroscopy and thermal stability which 

revealed, for example, the hydrogen bond interaction between the PPy and cellulose 

in the composite films. The uniform morphology and the elemental compositions of 

the PPy-cellulose films etc. were analysed using characterisation techniques such as 

IR, Raman, TGA and SEM/EDX. From the thermal analysis using TGA, the 

decomposition temperatures of the flexible composite films were found to be 

between 238 ⁰C and 283 ⁰C which means that these materials can be used in most of 

the real world electronic devices with operational temperatures around 200 ⁰C [184b]. 

The flexibility of the composite films was measured using a tensile strength test. The 

Young’s Moduli of these films were obtained showing values around 45 MPa, similar 

to literature values of polypyrrole composite films [302]. The electroactivity of the 

composite films was studied using cyclic voltammetry. The three films showed an 

electrochemical response which indicates that they could be applied as electrodes in 

electrochemical devices such as supercapacitors. 
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Figure 8.1 Procedure developed for the synthesis of free-standing cellulose-based electrodes 

and their application of electrodes in a flexible supercapacitor [84a] 

 

Using this facile fabrication method, three types of composites electrodes were 

prepared viz. PPy-cellfib-IL plasticiser, PPy-cellfib-IL plasticiser-graphite and graphite-

cellfib-IL plasticiser composite films, and they were used as flexible electrodes in 

supercapacitors. The flexible supercapacitors using PPy-cellfib-IL plasticiser and PPy-

cellfib-IL plasticiser-graphite composite electrodes showed inherent stability, which 

could be attributed to the hydrogen bond between polypyrrole and cellulose as 

reported from FT-IR studies in Chapter 3. Three types of SCs were constructed viz. 

electrical double-layer (EDLS), electrochemical (ES) and hybrid supercapacitor (HS) 

based on the chemical composition of the comprising electrodes. They differ in the 

charge storage and release mechanisms i.e. the graphite-cellfib-IL plasticiser film by 

electrical double-layer mechanism, PPy-cellfib-IL plasticiser film by electrochemical 

mechanism and PPy-cellfib-IL plasticiser-graphite by the hybrid mechanism. Each 

device was characterised electrochemically by cyclic voltammetry, galvanostatic 

charge-discharge studies and electrochemical impedance spectroscopy, as shown in 

Chapter 4 for the EDLS, Chapter 5 for the ES and Chapter 6 for the HS. From the 

opportunity to visit and work at Tuft’s University with a Mobility Scholarship, the 

fabrication and characterisation of a solid-state flexible electrical double-layer 

supercapacitor using graphite-cellfib-IL plasticiser film as the electrodes and 

[C4mim][NTf2] IL gel as the electrolyte (EDLS [C4mim][NTf2] gel) was carried out (see 
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Chapter 7); also, an EDLS with the same electrodes using the [C4mim][NTf2] IL as liquid 

electrolyte was studied for comparison. 

Overall, the devices fabricated showed excellent stability in their cycle life 

performance of 15000 cycles with almost 100 % of capacitance retention as shown in 

Table 8.1. The cycle life of the EDLS using [C4mim][NTf2] and [C4mim][NTf2] gel were 

not studied due to the limited time spent at Tufts University. Chapter 7 includes only 

a feasibility study to show the possibility of using ionic liquid gels as electrolytes for 

solid-state systems. Therefore, from the comparison among the devices studied in 

Chapter 4, 5 and 6, the best EW was obtained for the HS using [C2mim][FAP] IL as the 

electrolyte with a value of 3.2 V. In the case of the specific and areal capacitance, the 

EDLS using [C2mim][NTf2] as electrolyte showed the highest capacitance values in 

comparison to the other SCs reported in this thesis, hence, this device exhibited a low 

ESR with a value of 194 ± 76 kΩ. The time needed for charging and discharging the 

supercapacitor showed that the lowest charge-discharge time was obtained for the 

ES using [C2mim][NTf2] as the electrolyte with a value of 44 s for an EW of 1.6 V. 

Nevertheless, all the supercapacitors obtained in this thesis showed fast charge and 

discharge times e.g. for the HS using [C2mim][FAP] as the electrolyte with the largest 

EW (3.2 V) the time needed for charging and discharging was 161 s, demonstrating 

the good rate capability of these devices. With the EIS technique, an interesting 

property called knee frequency was calculated; this value gives the maximum 

frequency at which the supercapacitor shows capacitive behaviour. As it can be seen 

(Table 8.1) the knee frequencies obtained had values between 3.4 kHz and 100 kHz; 

these values were much higher than those of carbon-based supercapacitors found in 

the literature with knee frequencies around 100 Hz [339b]. As one of the objectives of 

this PhD was to obtain a supercapacitor that can retain their electrochemical 

performance while different bending states were applied to the device, a bending 

study was carried out using cyclic voltammetry to analyse the electrochemical 

performance and the devices’ stability prior to, during and after bending. All the 

devices from Chapter 4, 5 and 6 were able to function while a bending angle of 120 

degrees was applied.  
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Table 8.1 Summary of the electrochemical results obtained for each device fabricated in this thesis 

 Chapter 4 Chapter 5 Chapter 6 Chapter 7 

Electrochemical 

properties 

EDLS [C2mim] 

[NTf2] 

EDLS [C2mim] 

[FAP] 

ES [C2mim] 

[NTf2] 

ES [C2mim] 

[FAP] 

HS [C2mim] 

[NTf2] 

HS [C2mim] 

[FAP] 

EDLS 

[C4mim] 

[NTf2] 

EDLS                

[C4mim]           

[NTf2] gel 

EW / V 2.1 3.0 1.6 2.3 2.2 3.2 2.0 1.5 

CSpec / mF g-1               

(100 mV s-1) 

3.0 ± 0.6 1.8 1.5 ± 0.3 1.07 1.1 ± 0.7 1.28 10.8 13.0 (200 mV s-1) 

CAreal / µF cm-2               

(100 mV s-1) 

15.4 ± 0.2 11.1 8.8 ± 1.3 9.8 11.3 ± 6.3 13.8 151.4 173.4 (200 mV s-1) 

ESR/ kΩ 194 ± 76 249 ± 82 325 ± 92 190 ± 72 323 ± 35 269 ± 145 52 ± 21 44 ± 31 

Time charge-discharge / 

s (1µA cm-2) 

143 138 44 100 142 191 151 34 

Cycle life / cycles 15000 15000 15000 15000 15000 15000 - - 

Bending study Yes Yes Yes Yes Yes Yes - - 

Knee frequency at OCP / 

kHz 

22.2 3.4 22.2 15.3 15.3 22.2 31.6 100 
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In the electrochemical characterisation of supercapacitors, the energy and 

power density calculation is a requirement because these properties describe the 

performance of the devices in real life conditions. The Ragone plot, as it was explained 

in section 1.1, is a comparative performance evaluation of the energy density vs. the 

power density of the supercapacitors at different current densities applied with the 

GCD technique. Figure 8.2 shows the Ragone plots obtained for the flexible 

supercapacitors fabricated in this PhD. As it can be seen in Figure 8.2 (a) the three 

type of SCs (EDLS, ES and HS) using two different IL as electrolytes ([C2mim][NTf2] and 

[C2mim][FAP]) are displayed in which, the HS using [C2mim][FAP] as the electrolyte 

(pink line) showed the maximum energy density (0.008 µW h cm-2) and power density 

(1.78 µW cm-2) in comparison to the other supercapacitors developed from this 

research work.  

 
Figure 8.2 Ragone plot of the flexible supercapacitors fabricated in this PhD: a) EDLS, ES and 

HS using [C2mim][NTf2] and [C2mim][FAP] as the electrolytes and, b) EDLS fabricated using 

[C4mim][NTf2] and [C4mim][NTf2] gel as the electrolytes.  

 

Figure 8.2 (b) shows the Ragone plot corresponding to the two devices from 

Chapter 7 and as it can be seen, the maximum energy density (0.0194 µW h cm-2) was 

obtained with the EDLS using [C4mim][NTf2] in comparison to the EDLS using a gel as 

the electrolyte. In contrast, the maximum power density (13.85 µW cm-2) obtained was 

from the EDLS using [C4mim][NTf2] gel as the electrolyte. From all the data obtained, 

displayed in Figure 8.2, it can be said that these flexible supercapacitors showed a 

power density range that is expected to be sufficient to power up e.g. biosensors in 

medical implants [358].  

The chemical composition, morphology and thermal stability of the composite 

cellulose-based electrodes were investigated by infrared spectroscopy, scanning 

electron microscopy and thermal gravimetric analysis as fresh materials and after 
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being used as electrodes for 15000 cycles in the SCs using [C2mim][NTf2] as the 

electrolyte to understand the functional characteristics of the devices. The HS based 

on PPy-cellfib-IL plasticiser-graphite composite films as the electrode materials 

showed the highest chemical, physical and thermal stability after the cycle life of 

15000 cycles. 

 
Figure 8.3 Summary of the project achievements: fabrication and characterisation of flexible 

supercapacitors using the flexible cellulose-based electrodes developed for a possible 

application in medical devices which need a source of power  

 

To summarise, the synthesis procedure proposed to develop a set of new 

flexible cellulose-based composite materials which could be applied as electrodes in 

a flexible energy storage device such as a supercapacitor was accomplished 

successfully. Moreover, the multifunctional rôle of ionic liquids was demonstrated as 

solvent, plasticiser and electrolyte.  

A one-pot facile method was developed by processing biomass using the ionic 

liquid technology which demonstrates the possibility of recycling biowaste, and the 

use of conventional inexpensive materials such as cellulose for the flexible 

supercapacitors assembly offers a cost-effective system. For all these reasons, and due 

to the use of biocompatible chemicals such as cellulose [359], polypyrrole [360] or the 

IL plasticiser [P6 6 6 14][NTf2] [265], these devices can be suitable for medical 

applications such as pacemakers, stimulators, biosensors, etc. as it is shown in Figure 

8.3 [70]. Bench-top testing demonstrated that these power devices are stable under 

ambient conditions without the need for sophisticated sealing. In addition, the 

hydrophobic nature of the composites is favourable for in vivo applications [361]. The 

tunable nature of various composites, electrolytes and their combinations could lead 

to the development of novel SCs for task-specific applications in the future. 



Appendix 

243 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 
 

 

 

 

  



Appendix 

244 

 

Appendix A: Materials and Techniques 

A.1. Starting Materials 

Table A. 1 Material Sources 

Chemical  Source Purity / % 

ammonium persulfate Sigma-Aldrich 98 

benzenesulfonic acid Sigma-Aldrich 97 

(+)-camphor-10-sulfonic acid (ß)  Fluka 98 

cellulose (fibrous, CAS 9004-34-6) Sigma-Aldrich  

cellulose (powder, ca. 20 µm) Sigma-Aldrich  

1-ethyl-3-methylimidazolium 

ethanoate ([C2mim][C1COO]) 
Sigma-Aldrich  

ferrocene Sigma-Aldrich 98 

graphite powder (1-2 micron) Sigma-Aldrich  

2-hydroxy-2-methylpropiophenone 

(HOMPP) 
Sigma-Aldrich 97 

iron (III) chloride anhydrous Sigma-Aldrich 97 

poly(ethylene glycol) diacrylate 

(PEGDA) 
Sigma-Aldrich 

Average 

Mn 700 

potassium chloride Sigma-Aldrich 99 

pyrrole Sigma-Aldrich 98 

sodium chloride Sigma-Aldrich  

trihexyl(tetradecyl)phosphonium 

chloride ([P6 6 6 14]Cl) 
Sigma-Aldrich  

trimethylphosphate Sigma-Aldrich 97 

 

NMR solvents 

• D2O-d2 (99.9 atom %D) from Sigma-Aldrich 

• CDCl3-d (99.9 atom %D) from Sigma-Aldrich 

• MeOD-d (99.9 atom %D) from Sigma-Aldrich 

• (CD3)2SO-d6 (99.9 atom %D) from Sigma-Aldrich 
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Donated ionic liquids from Merck  

• 1-ethyl-3-methylimidazolium bis{(trifluoromethyl)sulfonyl}amide, [C2mim][NTf2].  

1H NMR (400 MHz, MeOD, δ): 8.82 (s, 1H), 7.59 (s, 1H), 7.52 (s, 1H), 4.24 (q, J = 

7.3 Hz, 2H), 3.91 (s, 3H), 1.52 (t, J = 7.3 Hz, 3H). 13C NMR (101 MHz, MeOD): δ 

136.06 (s), 123.56 (s), 121.88 (s), 119.81 (q, J = 322.4 Hz), 44.64 (s), 35.05 (s), 

14.07 (s). 

• 1-ethyl-3-methylimidazolium tris(pentafluoroethyl)trifluoro phosphate, 

[C2mim][FAP] [362]. 

1H NMR (300 MHz, (CD3)2SO, δ): 9.57 (s, 1H), 7.91 (s, 1H), 7.81 (s, 1H), 4.23 (q, 

J = 7.3 Hz, 2H), 3.87 (s, 3H), 1.40 (t, J = 7.3 Hz, 3H). 19F NMR (377 MHz, (CD3)2SO, 

δ): -118.8 (m, CF2), -85.3 (m, CF2), -79.3 (m, CF3), -40.2 (m, PF3).  

Materials used 

• Supercapacitor current collectors: aluminium kitchen foil (Chapter 4, 5 and 6) and 

Graphene paper size 11.5 in.×23.5 in., thickness 120 μm. CAS Number 7782-42-

5, https://www.sigmaaldrich.com/catalog/product/aldrich/900451?lang=en&re 

gion=US&cm_sp=Insite-_-prodRecCold_xviews-_-prodRecCold10-1 (Chapter 7) 

• Supercapacitor separator: lab tissue paper WW 18 14E, white 2 PLY; thickness: 

10 μm from Centre Pull (Chapter 4,5 and 6) and filter paper Fisherbrand QL100 

from Fisher Scientific (Chapter 7) 

• Sealer: waterproof polyester self-adhesive film from Labelplanet (Chapter 4, 5 

and 6) 

A.2. Instrumental Techniques  

Chapter 3 

To cast the films a coating machine was used (K control coater model 101 from 

RK Printcoat Instruments), the components necessary for casting the films were: 

proofing paper (gloss/matt) using the gloss part to cast the films and bar No. 8 (wet 

film thickness 100 µM). 

ASTM D3359 test method with slight modification was used. A piece of Scotch 

brand transparent tape was placed firmly on the casted polymer film and pressed 

gently to achieve even contact between tape and film, then gently peeled off. Any 

https://www.sigmaaldrich.com/catalog/search?term=7782-42-5&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=GB&focus=product
https://www.sigmaaldrich.com/catalog/search?term=7782-42-5&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=GB&focus=product
https://www.sigmaaldrich.com/catalog/product/aldrich/900451?lang=en&re%20gion=US&cm_sp=Insite-_-prodRecCold_xviews-_-prodRecCold10-1
https://www.sigmaaldrich.com/catalog/product/aldrich/900451?lang=en&re%20gion=US&cm_sp=Insite-_-prodRecCold_xviews-_-prodRecCold10-1
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visible quantity of the composite material on the tape from the surface of the 

cellulose-polypyrrole material was used to determine the adhesive nature of the 

material. 

The solid-state characterisation was carried out with a Fourier transform infrared 

(FTIR) spectrometer (Spectrum 100 from PerkinElmer) equipped with an attenuated 

total reflectance (ATR) accessory in the range of 4000-550 cm-1 by the accumulation 

of 16 scans at a resolution of 4 cm-1. In the case of Raman Spectroscopy, a 

RamanStationTM 400F Raman Spectrophotometer from Perkin Elmer® was used with 

an Echelle spectrograph and CCD detector using a 785 nm laser and a spectral range 

of 200-1950 cm-1 Raman shift. All the films were analysed using the same time of 

acquisition and the same number of cycles (2s x 80). Further processing of Raman 

spectra was conducted using Spectragryph optical spectroscopy software 1.2.8 

(https://www.effemm2.de/ spectragryph/index.html). Both infrared and Raman 

spectra were normalised for their comparison.  

Thermogravimetric analysis (TGA) was used to determine the thermal stability 

of the films using a thermogravimetric analyser Q5000 V3.17 build 265 from TA 

Instruments. Experiments were carried out with a heating rate of 10 C min-1 ranging 

from 30 to 500 C under dinitrogen flow at 25 mL min-1. A platinum pan was used as 

the sample holder. Analysis performed by A. Brownlie or Dr S. Huq.  

The 35Cl NMR spectra of the cellulose-ILs mixtures were acquired on a Bruker 

AscendTM 600 spectrometer with a frequency of 59 MHz and the 31P NMR spectra were 

acquired on a Bruker Spectrospin 400 Ultrashield spectrometer with a frequency of 

162 MHz. Both measurements were carried out at room temperature. Measurements 

carried out by R. Murphy. 

Topography and morphology characteristics were studied using a FEI Quanta 

FEG Scanning Electron Microscopy (SEM) attached with Energy Dispersive X-Ray (EDX) 

spectrometer and Everhart Thorley Detector (ETD) or Backscattered electrons detector 

(BSED). The composite films were sputtered 40 s with gold using a sputtering machine 

prior to the examination.  

The tensile strength of dried films with a thickness between 0.3 and 0.4 mm was 

performed using a tensile analyser (Instron 5564). The analysis was performed at room 

https://www.effemm2.de/%20spectragryph/index.html
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temperature at a speed of 5 mm min-1 using a sample with a rectangular shape and 

size of 10 x 15 mm. 

Potentiostat Autolab PGSTAT302N from Eco Chemie with GPES software was 

used to conduct the cyclic voltammetry (CV) technique. CV studies were performed 

using three electrodes cell, using platinum wires as reference and counter electrodes 

and the composite films as the working electrode. The potential range chosen was 

from – 1.0 V to + 0.5 V vs. platinum at a scan rate of 20 mV s-1 in 0.1 M KCl solution.  

Chapter 4, 5 and 6 

• Electrochemical Study of Ionic Liquids as Electrolytes 

The water content of the ILs was determined by Karl Fischer titration method, 

by the well-known Bunsen reaction which is used to determine sulphur dioxide in 

aqueous solutions. After a few modifications, the reaction used for this titration is 

displayed as Equation A. 1, where the alcohol (e.g methanol), as the solvent of the 

sample analysed, reacts with SO2 and a base (e.g. imidazole) to form an intermediate 

alkylsulfite salt, which is then oxidised by iodine to an alkylsulfate salt in the presence 

of water. The quantity of water present in the sample is calculated based on the 

amount of iodine consumed in the titration by an electrode [363,314]. Analysis carried 

out by A. Brownlie or Dr S. Huq. 

H2O + I2 + BaseH+SO3
-+ Base → 2BaseH+I- + BaseH+SO4

- 
Equation A. 1 

 

Potentiostat Autolab PGSTAT302N from Eco Chemie with GPES software was 

used to conduct the cyclic voltammetry (CV) technique for the electrochemical 

characterisation of the ILs ([C2mim][NTf2] and [C2mim][FAP]) as the electrolytes. CV 

studies were performed using a three-electrode cell i.e. platinum wire as the counter 

electrode, a non-aqueous Ag|Ag+ as the reference electrode and platinum. (Pt, 

99.95% purity), gold (Au, 99.95% purity) and glassy carbon (GC) as the working 

electrodes. The diameter for each electrode was: Pt = 1.6 mm, Au = 1.6 mm and GC 

= 3.0 mm. All the measurements were carried out passing through the cell an Argon 

current. Neat and ferrocene ILs mixtures were analysed; the electrolytes were stirred 

for 1 minute and then, they were settled down for 2 minutes before each 

electrochemical measurement. After every CV measurement, the working electrodes 
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were polished using alumina-polishing micro cloth (tan, velvet) with an alumina slurry 

and rinsed with acetonitrile. In the case of the Pt wire (counter electrode), it was 

cleaned at a red-hot flame using a Bunsen torch until it was incandescent. The 

reference electrode (Ag|AgNTf2 in [C2mim][NTf2]) was washed with acetonitrile and 

kept in contact with [C2mim][NTf2] while it was stored.  

• Electrochemical Study of the Supercapacitors Fabricated 

Potentiostat Autolab PGSTAT302N from Eco Chemie with GPES software was 

used to conduct the cyclic voltammetry and galvanostatic charge-discharge 

experiments. CV (potentiodynamic mode) and GCD (galvanostat mode) were 

performed using a two-electrode system of the flexible supercapacitors fabricated. 

The same instrument was used for electrochemical impedance spectroscopy 

measurements with a built-in frequency response analyser (FRA), the frequency was 

logarithmically swept from 100 kHz to 10 mHz with an AC perturbation of 10 mV at 

OCP. All electrochemical characterisations were carried out at 25 ± 2 ⁰C and three sets 

of each device (EDLS, ES and HS) were fabricated identically and tested to study 

reproducibility.  

Chapter 7 (Measurements carried out at Tuft’s University) 

• Synthesis of Ionic Liquid Gels  

UV radiator Spectronic Corp., 8 W, applying a longwave UV radiation at 365 nm 

was utilised for the polymerisation of the polymer to obtain an ionic liquid gel.  

• Electrochemical Study of the Supercapacitors Fabricated 

Cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and electrical 

impedance spectroscopy (EIS) were performed using a potentiostat with a built-in 

frequency response analyser (VersaSTAT 3, Princeton Applied Research).  

Appendix B: Theory of the Characterisation Techniques 

B.1. Vibrational Spectroscopy: FTIR and Raman 

Vibrational spectroscopy is a valuable tool for the elucidation of molecular 

structures which studies the interaction of the electromagnetic radiation with matter 

[364]. There are three principal methods by which the molecular vibrations may be 
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studied namely infrared, Raman and inelastic neutron scattering spectroscopies (in 

this thesis the technique infrared and Raman were utilised).  

Depending on the energy of the radiation and its mechanism of interaction with 

the matter, a molecule containing N atoms (Cartesian coordinate system as reference) 

has 3N degrees of freedom or motions which excluding rotational and translational 

motions of zero frequency, is 3N-6 in general and 3N-5 for linear molecules (the third 

rotation is the molecular axis itself) which represent the internal vibration of the 

molecule [269]. Vibrational spectroscopy selection rules can be based on the group 

theory which will reveal the molecular symmetry and can predict if a molecule is active 

in infrared and/or Raman spectroscopy [365].  

Infrared Spectroscopy 

Infrared spectroscopy is based on an absorption process, detecting vibrations 

involving a change in the dipole moment of the molecule [366], in other words, for a 

molecular motion to be detected by infrared spectroscopy, an oscillating dipole 

moment should be producing during the vibration.  

The technique consists of passing through a sample an electromagnetic 

radiation which interacts with the matter; this radiation is absorbed only for the 

specific frequencies corresponding to the vibrational modes of the molecule and 

which fulfil the infrared selection rules (IR-active modes); therefore, the radiation 

absorbed by the sample is attenuated and by measuring the intensity of the 

transmitted radiation at each frequency, the IR-active modes can be determined [367].  

Originally infrared was obtained by a standard IR spectrometer (dispersive 

scanning spectrophotometer) but, currently, an interferometer is used which can 

measure all the frequencies simultaneously, resulting in an interferogram that is 

resolved by Fourier transformation and a spectrum can be obtained. Furthermore, a 

sampling technique called attenuated total reflection (ATR) can be attached to the IR 

and the direct examination of the solid and liquid sample can be carried out without 

further preparation. ATR is based on a total internal reflection after the infrared 

radiation is introduced into a crystal of high refractive index, resulting in an evanescent 

wave that reflects the internal surface in contact with the sample; the distortion of the 

evanescent wave by the sample is measured producing a spectrum [368]. 
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Raman Spectroscopy 

Raman spectroscopy is based on an inelastic scattering process, detecting 

vibrations involving a change in the molecule polarisability i.e. a change in the volume 

occupied by the molecule must happen [366]. A sample is illuminated with a 

monochromatic laser beam which interacts with the molecules of the sample and 

originated a scattered light; when light is scattered from a molecule most photons are 

elastically scattered (scattered photons with the same energy than the incident 

photons) and a small fraction of light is scattered at different energy (frequencies), 

inelastic scattering, which can be lower or higher than the energy of the incident 

photons, this process of inelastic scattering is known as Raman effect and can 

originate a change in vibrational energy of the molecule [369]. The difference in 

energy between the Raman scattered (Stokes (low energy) or Anti-Stokes Raman 

scattering (high energy)) and the incident photon is equal to the energy of a vibration 

of the scattering molecule which will be plot as Raman shift in wavenumbers vs. the 

intensity of scattered light to obtain a Raman spectrum.  

The selections rules for Raman spectroscopy differ from the infrared selection 

rules, in contrast to IR, a variation in molecular polarisability is the requirement of 

Raman scattering, for example, homonuclear diatomic molecules show a Raman 

spectrum since the stretching vibration change the polarisability of the molecule, on 

the contrary, in the IR spectrum will not appear any vibration mode as they do not 

have a dipole moment. It is known that for highly symmetric molecules (with a centre 

of inversion) the molecular vibrations are active in IR but not in Raman and vice versa. 

Also, vibrational modes of molecules of low symmetry are likely to be active in both 

IR and Raman spectroscopy [364]. 

B.2. Morphology and Elemental Analysis: SEM and EDX 

Scanning electron microscopy (SEM) is a powerful technique for the 

examination of the morphology and topography of a sample which proportionates a 

surface image with high magnification and with good depth that can be also analysed. 

The basis of this technique is that a suitable source shoots a high-energy electron 

beam which is converted in a thin beam of electrons (after passing through a high 

voltage accelerator (e.g. 20 kV), electromagnetic lenses and a system of apertures) that 
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scans the surface of the sample and with a detector the outcoming electrons emitted 

[370]. The electrons emitted can be: (i) secondary electrons which are the low energy 

electrons (close to the surface of the atom) detected by an Everhart-Thornley detector 

(ETD) or, (ii) backscattered electrons which are the high energy electrons (elastic 

scattering, internal electrons) detected by a Backscatter electron detector (BSD) [371]. 

A complementary technique to SEM is the energy dispersive X-Ray (EDX) which 

can determine the composition of the sample shown in the SEM image. The principle 

is based on the generation of X-Rays within the specimen by the electron beam, 

therefore, the elemental composition of the sample can be identified because each 

element has a characteristic X-Ray line(s) [372]. 

As it was explained in section 3.2.2, the need for sputtering the polymeric matrix 

composite films with an electrically conducting material such as gold relies on 

preventing the charging effect during measurement. The sputtering method consists 

of introducing a controlled gas, e.g argon, into a vacuum chamber where there is an 

electrically energising cathode to establish a self-sustaining plasma with the material 

to be deposited e.g. gold and the sample which is placed previously. The gas atoms 

lose electrons inside the plasma to become positively charged ions which are 

accelerated into the gold and strike with enough kinetic energy to dislocate atoms of 

the gold which constitutes a vapour stream that traverses the chamber and hits the 

sample, sticking to it as a coating [373]. 

B.3. Cyclic Voltammetry 

Cyclic voltammetry is one of the most powerful and popular electroanalytical 

voltammetry techniques, commonly it is used to investigate the oxidation and 

reduction processes of molecular species in the working electrode-electrolyte 

interface [318]. 

In the cyclic voltammetry technique, a varying potential is applied to the working 

electrode/device and the instantaneous current obtained between the two designated 

potential values (switching potentials) is recorded to characterise the type of electrical 

or electrochemical reactions involved and, the data obtained are plotted as current 

(A) vs. potential as Figure B. 1 shows [323]. Usually, the potential scan is terminated at 
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the end of the first cycle, but it can be continued for any number of cycles, hence the 

terminology of cyclic voltammetry. 

In the case of an energy storage device, the cycles obtained can differ according 

to the charge storage mechanism i.e. supercapacitors (electrical double-layer or 

pseudocapacitance) and batteries (faraday reactions). Figure B. 1 shows the theoretical 

graphs obtained when the characterisation of supercapacitors and batteries are 

carried out using CV. Figure B. 1 (a) shows the expected rectangular shape 

voltammogram of a supercapacitor due to the capacitance existence in the device 

(behaviour governed by Equation 1.1) that shows that the current, 𝑖, flowing through 

a supercapacitor is proportional to the linear variation of the scan rate, 𝜈 , but 

independent of the potential of the device itself. Therefore, this rectangular shape of 

the cyclic voltammogram is an experimental criterion for qualitatively characterised 

the capacitive behaviour of the active material used as electrodes in the 

supercapacitor [11].  

In contrast, a battery shows the typical oxidation and reduction current peaks 

on the CV which are dependent on the potential (Figure B. 1 (b)) because the battery 

stores charge by reduction and oxidation and/or intercalation of an ion from the 

electrolyte into the electrode matrix [19c].  

 
Figure B. 1 Cyclic voltammogram of (a) supercapacitor and (b) battery  

 

B.4. Galvanostatic Charge-Discharge 

In galvanostatic charge-discharge (GCD), the current is the electrical variable 

that is controlled by means of a galvanostat while the variation of the working 

electrode/device potential with the time is monitored as Figure B. 2 shows [374].  
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In the case of the supercapacitor and battery GCD graphs, a constant current is 

applied to charge (positive current) and to discharge (negative current) the energy 

storage device. Figure B. 2 (a) shows the GCD graph of a supercapacitor that is plotted 

as the operational voltage vs. the time during a cycle of constant charging and 

discharging currents; as it can be seen for a supercapacitor a triangle curve is expected 

(see section 4.2.2.2), in contrast, to what is obtained for a battery (Figure B. 2 (b)) which 

shows charge and discharge potential plateaux due to the strong dependence 

between the electrode reaction and the potential applied.  

 
Figure B. 2 GCD plot obtained for (a) supercapacitor and (b) battery 

 

B.5. Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy is a widely used technique to 

investigate electrochemical systems that consist in applying a sinusoidal AC excitation 

signal varying the frequency to the system under study and measure the AC response 

at each frequency [375]. The result obtained is the impedance (Z) of the system at 

different frequencies, expressed in ohms (Ω) and phase of impedance degrees (⁰).  

Impedance measures the ability of a circuit to resist the flow of electrical current 

but, unlike resistance, impedance refers to the frequency dependent resistance to 

current flow of a circuit element such as resistor, capacitor or inductor. Equation B. 1 

and Equation B. 2 show the impedance and resistance equations, which are based on 

Ohm’s Law Equation B. 2 where 𝑅 is the resistance at the zero frequency and as it can 

be seen in Equation B. 1 all the elements are frequency dependant (ω).  

𝑍 =
𝐸𝜔

𝐼𝜔
⁄  Equation B. 1 

𝑅 = 𝐸 𝐼⁄  Equation B. 2 

With impedance data a complete description of an electrochemical system can 

be carried out, i.e. resistor, capacitor, inductor or any combination of these behaviours 
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can be analysed using EIS. As it was introduced in section 4.2.2.3 this technique is 

analysed by the Nyquist and Bode plot and the different behaviour in the system will 

be interpreted depending on the phase shift and magnitude of the AC current 

originated as Figure B. 3 shows [340]. In the case of a resistor (Figure B. 3 (a)), the 

impedance is independent of the frequency therefore the phase shift does not vary 

(phase shift = 0⁰) and, for a capacitor the current through is phase shifted by -90⁰ with 

respect to the voltage as Figure B. 3 (b) shows [376].  

 
Figure B. 3 Impedance phase shift corresponded to (a) resistor and (b) capacitance behaviour 

 

Appendix C: Synthesis and Characterisation of Ionic Liquids 

C.1. Synthesis Ionic Liquids 

1-butyl-3-methylimidazolium chloride [C4mim]Cl 

Figure C. 1 shows the synthesis of [C4mim]Cl, which was carried out by the 

quaternisation reaction as described in the literature [377].  

 
Figure C. 1 [C4mim]Cl synthetic route 

 

In a 100 mL round bottom flask equipped with a reflux condenser, and 

previously purged with dinitrogen, 1-methylimidazole (102.6 g, 1.2 mol) was added 

and dissolved in 100 mL of acetonitrile. After that, the addition of 1-chlorobutane 

(127.2 g, 1.3 mol) was carried out and the mixture was stirred and heated at 70 ºC for 

108 hours. After the reaction was completed, the acetonitrile was removed by 

evaporation under reduced pressure on a heating bath at 40 ºC. Remaining yellow 

and viscous liquid was washed with ethyl ethanoate (3 x 160 mL) and with diethyl 
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ether (3 x 60 mL). The solvents were removed by evaporation under reduced pressure 

on a heating bath at 40 ºC and then, the product was dried under vacuum at 60 ºC 

during 72 hours to yield the pure ionic liquid [C4mim]Cl (198.7 g, 93%) as a pale yellow 

solid. 

1-butyl-3-methylimidazolium ethanoate [C4mim][C1COO] 

Figure C. 2 shows the synthesis of [C4mim][C1COO], which was carried out by 

two metathesis reactions where the anion was exchanged as was described in the 

literature [378]. 

 
Figure C. 2 [C4mim][C1COO] synthetic route 

 

Firstly, 1-butyl-3-methylimidazolium chloride was dried under vacuum at 70 ºC 

for 24 hours. In a 2-neck round bottom flask equipped with a reflux condenser, on the 

upper part, and previously purged, 1-butyl-3-methylimidazolium chloride (7.05 g, 

40.36 mmol) was dissolved in 15 mL of methanol. A solution of sodium hydroxide 

(1.66 g, 41.45 mmol) in 5 mL of methanol was added to the previous solution and was 

stirred and heated at 40 ºC for 12 hours. After 12 hours, the white precipitate was 

removed by filtration and to the filtrate solution, an acetic acid (2.35 mL, 41.45 mmol) 

was added and the mixture was stirred for 1 hour. The solvent was removed by 

evaporation under reduced pressure on a heating bath at 50-60 ºC remaining a 

lightning yellow and viscous liquid. To purify the ionic liquid, dichloromethane was 

added (4x10 mL) and the white precipitate formed was filtrated three times until the 

precipitate was not seen when the dichloromethane was added. The solvent was 

removed by evaporation under reduced pressure on a heating bath at 30-60 ºC and 

then was dried under vacuum at 60 ºC during 24 hours to yield the pure ionic liquid 

[C4mim][C1COO] (7.39 g, 92%) as a pale yellow and viscous liquid.  

Trihexyl(tetradecyl)phosphonium  bis{(trifluoromethyl)sulfonyl}amide 

[P6 6 6 14][NTf2] 

Figure C. 3 shows the synthesis method for [P6 6 6 14][NTf2], which was carried out 

by the quaternisation reaction as described in the literature [379].  
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Figure C. 3 [P6 6 6 14][NTf2] synthetic route 

 

Lithium bis{(trifluoromethyl)sulfonyl}amide (9.12 g, 31.77 mmol) dissolved in the 

minimum quantity of water was added to a flask containing a solution of 

tetradecyltrihexylphosphonium chloride (15.00 g, 28.88 mmol) in dichloromethane (40 

mL). The reaction mixture was stirred for 24 h at room temperature. Volatiles were 

removed in vacuum and the resulting oil was dissolved in dichloromethane (50 mL) 

and washed with aliquots of distilled water (5 x 15 mL). The organic layer was dried 

over anhydrous Na2SO4 and the volatiles were removed in vacuum to afford 

tetradecyltrihexylphosphonium bis{(trifluoromethyl)sulfonyl}amide (20.40 g, 84%) as 

a pale-yellow oil.  

C.2. Characterisation of the Ionic Liquids Synthesised 

Characterisation of [C4mim]Cl  

The ionic liquid [C4mim]Cl was characterised by 1H NMR and 13C NMR using 

chloroform-d as a solvent on a spectrometer (Bruker 300 MHz) for the determination 

of molecular structures.  

 
Figure C. 4 1H NMR of [C4mim]Cl 
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The proton assignation for the [C4mim]Cl from Figure C. 4 was as follows, 1H 

NMR (CDCl3): δ 10.83 (H2, s, 1H), 7.30 (H5, s, 1H), 7.22 (H4, s, 1H), 4.26 (H6, t, J=7.3 Hz, 

2H), 4.06 (H10, s, 3H), 1.88-1.76 (H7, m, 2H), 1.42-1.22 (H8, m, 2H), 0.90 (H9, t, J=7.3 

Hz, 3H). 

In the case of the Figure C. 5 the carbon assignation for the [C4mim]Cl was 13C 

NMR (CDCl3): δ 137.82 (C2), 124.11 (C4), 122.44 (C5), 49.89 (C6), 36.70 (C10), 32.37 

(C7), 19.63 (C8), 13.64 (C9). 

 
Figure C. 5 13C NMR of [C4mim]Cl 

 

 
Figure C. 6 TGA thermogram of [C4mim]Cl 
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In the case of the TGA graph for this IL, Figure C. 6, the decomposition 

temperature obtained was 224.81 ⁰C. Figure C. 7 shows the DSC thermogram of the 

ionic liquid [C4mim]Cl with a melting point of 67.73 ⁰C and the glass transition 

temperature -49.17 ⁰C. The thermal analysis was in agreement with the literature 

[260a]. 

All the DSC thermograms for the characterisation of the ILs synthesised were 

obtained with a differential scanning calorimeter to get the thermal behaviour of the 

ionic liquid using a DSC Q2000 model FC100 from TA Instruments. The experiment 

was carried out with a cooling/heating rate of 5 ºC min-1 ranging from -90 ºC to 50 º, 

100 ºC or 150 ºC (depending on the thermal stability of the IL) under nitrogen flow at 

50 mL min-1. An aluminium hermetic pan was used as the sample holder. 

 
Figure C. 7 DSC thermogram of [C4mim]Cl 

 

Characterisation of [C4mim][C1COO] 

The ionic liquid [C4mim][C1COO] was characterised by 1H NMR and 13C NMR 

using chloroform-d as a solvent on a spectrometer (Bruker 300 MHz) for the 

determination of molecular structures.  

Figure C. 8 shows the 1H NMR spectrum of the [C4mim][C1COO] with the 

following assignation 1H NMR (CDCl3): δ 10.68 (H2, s, 1H), 7.44 (H5, s, 1H), 7.31 (H4, s, 

1H), 4.05 (H6, t, J=7.3 Hz, 2H), 3.83 (H10, s, 3H), 1.71 (H1’, s, 3H), 1.68-1.58 (H7, m, 2H), 

1.17-1.05 (H8, m, 2H), 0.69 (H9, t, J=7.3 Hz, 3H). 
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Figure C. 8 1H NMR of [C4mim][C1COO] 

 

For the 13C NMR spectrum from Figure C. 9 the assignation was, 13C NMR 

(CDCl3): δ 177.23 (C2’), 139.16 (C2), 123.67 (C4), 122.05 (C5), 49.55 (C6), 36.24 (C10), 

32.20 (C7), 25.52 (C1’), 19.44 (C8), 13.46 (C9). 

 
Figure C. 9 13C NMR of [C4mim][C1COO] 

 

Thermal analysis was carried out by thermogravimetric analysis (TGA) and 

differential scanning calorimetry (DSC). The decomposition temperature of 

[C4mim][C1COO] was obtained from the thermogravimetric analysis. As it can be seen 

in Figure C. 10 there are like two curves, the first curve, over 100 ºC, corresponds to 

the water entrapped in the ionic liquid and, the second curve corresponds to the 

decomposition of the ionic liquid, 206.45 ºC. 
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Figure C. 10 TGA thermogram of [C4mim][C1COO] 

 

Figure C. 11 shows the DSC thermogram of [C4mim][C1COO]. It can be seen in 

the spectrum one peak, -74-59 ºC, corresponding to the glass transition of the IL that 

is liquid at room temperature. From the literature [380], it is known that the peak of 

crystallization for acetic acid appears at -16.63 ºC, which was absent in this 

thermogram, therefore, the ionic liquid did not contain an excess of acetic acid. 

 
Figure C. 11 DSC thermogram of [C4mim][C1COO] 

 

To know the number of impurities that may have retained in the ionic liquid 

[C4mim][C1COO], in terms of salts (NaCl) a metal analysis were carried out. Inductive 

Coupled Plasma (ICP) was used to quantify the Na content in the ionic liquid. The 
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0

10

20

30

40

50

60

70

80

90

100

30 85 140 195 250 305 360 415 470

W
e
ig

h
t 

/ 
%

Temperature / ⁰C

-74.59°C(I)

-76.11°C

-73.37°C

-0.2

-0.1

0.0

0.1

0.2

H
e
a
t 
F

lo
w

 (
W

/g
)

-100 -50 0 50 100 150

Temperature (°C)

Sample: [BMim][ACo]
Size:  8.0000 mg
Method: standard

DSC
File: C:...\OCT-2014\Marta\[BMim][ACo].001
Operator: Suzi
Run Date: 29-Oct-2014 20:18
Instrument: DSC Q2000 V24.10 Build 122

Exo Down Universal V4.5A TA Instruments

H
e
a
t 

F
lo

w
 /

 W
 g

-1
 

Temperature / ⁰C 
 



Appendix 

261 

 

Cl- anion is changed for HO- anion forming NaCl as a byproduct and is challenging to 

remove completely. This sodium content may have an impact on the various processes 

carried out using this ionic liquid. Alternate methods will be employed to synthesise 

ILs pure from NaCl impurities 

Characterisation of [P6 6 6 14][NTf2] 

The ionic liquid [P6 6 6 14][NTf2] was characterised by 1H NMR and 13C NMR using 

chloroform-d as a solvent for the determination of molecular structure.  

NMR spectra (Figure C. 12 and Figure C. 13) were compared with the data found 

in the literature confirming that the anion exchange was carried out and [P6 6 6 14][NTf2] 

was obtained [381]. The peak that identifies the structure desired is shown in the 13C 

NMR, this peculiar peak is a quartet at 120.32 ppm corresponded to the group –CF3 

in the anion NTf2. 

1H NMR (CDCl3): δ 2.10-2.06 (H2, m, 8H), 1.48-1.19 (H3, m, 48H), 0.89 (H4, q, 

J=6.7 Hz, 12H).  

 
Figure C. 12 1H NMR spectrum of [P6 6 6 14][NTf2] 

 
13C NMR (CDCl3): δ 120.32 (C3, q, J=321.8 Hz, 12H), 32.31, 31.63-30.41 (m), 

30.41-29.44 (m), 29.17, 23.07, 22.65, 21.84 (d, J=4.4 Hz), 19.34, 18.71, 14.48, 14.19. 
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Figure C. 13 13C NMR of [P6 6 6 14][NTf2] 

 

Table C. 1 shows the data obtained from the elemental analysis. The 

experimental values correspond with the theoretical values confirming that the 

structure corresponds to [P6 6 6 14][NTf2]. Halogens analysis were summit (F and Cl) to 

have all the data corresponded to this ionic liquid but the analysis was not done 

because of the high fluorine quantity in the sample that can damage the oxygen flask.  

Table C. 1 Elemental analysis obtained from the ionic liquid [P6 6 6 14][NTf2] 

[P6 6 6 14][NTf2] C  H N S 

Theoretical / % 53.45 8.97 1.83 8.39 

Experimental / % 53.52 9.43 1.66 8.29 

 

The decomposition temperature of [P6 6 6 14][NTf2] was obtained using a 

thermogravimetric analyser. As it can be seen in Figure C. 14 there is just one curve 

corresponded to the decomposition of the ionic liquid, 314.86 ºC [265].  

Figure C. 15 shows the DSC thermogram of [P6 6 6 14][NTf2]. The cycle consisted 

of firstly cooling and then heating and was possible to see the freezing point 

(exothermic peak, cooling part) at -76.71 ºC and the melting point (endothermic peak, 

heating part) at -71.91 ºC [267]. 
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Figure C. 14 TGA thermogram of [P6 6 6 14][NTf2] 

 

 
Figure C. 15 DSC thermogram of [P6 6 6 14][NTf2]. 

 

Appendix D: Fabrication and Calibration of an Ionic Liquid 

Reference Electrode 

D.1. Fabrication of an IL Reference Electrode 

The fabrication of an IL reference electrode was carried out based on the 

procedure found in the literature [307,382]. The non-aqueous reference electrode kit 

was purchased by BAS Bioanalytical Systems Inc.  
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The assembly of the reference electrode was carried out in the Glovebox under 

N2 atmosphere. The non-aqueous solution chosen was 10mM of AgNTf2 in 

[C2mim][NTf2]. Previous the assembly the Ag wire was polished with sandpaper and 

washed with methanol three times. The reference electrode fabricated was soaked in 

the IL [C2mim][NTf2] for storing purposes.  

D.2. Calibration of an IL Reference Electrode 

The electrochemical experiments carried out for the calibration of the reference 

electrode were undertaken with a Potentiostat Autolab PGSTAT302N from Eco 

Chemie with GPES software, using a three electrodes cell with a Pt wire as working 

electrode, a large area (wire wound) counter electrode and the reference electrode 

prepared. The electrolyte prepared was 0.1 M of tetrabutylammonium perchlorate 

(TBAP) in acetonitrile and as the internal standard 10mM of Ferrocene was added to 

the electrolyte.  

 
Figure D. 1 Cyclic voltammograms of Fc|Fc+ (10 mM) in a solution of 0.1 M of TBAP in 

acetonitrile. Calibration test using the Ag|Ag+ reference electrode 5 times each 15 min 

 

The cyclic voltammetry was the technique utilised for the calibration of the 

reference electrode, the electrode was tested by recording cyclic voltammograms 

every 15 min for 5 times as Figure D. 1 shows. The measurements were carried out 

under an Argon blanket and at 25 ± 2 ⁰C.  

Table D. 1 includes the Fc|Fc+ cathodic and anodic peak potentials, the ferrocene 

peaks separation (ΔEFc|Fc+) calculated using Equation 4.4 and the formal electrode 

potential (𝐸𝐹𝑐|𝐹𝑐+
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calculated using Equation D. 1. The values obtained for the formal electrode potential 

were reproducibled (-0.343 ± 0.002 V) and they agree with the values found in the 

literature for the same system [307,382]. 

𝐸𝐹𝑐|𝐹𝑐+
°′ = 1 2⁄ (𝐸𝐴𝑃 + 𝐸𝐶𝑃) Equation D. 1 

Table D. 1 Formal electrode potential of Fc|Fc+ (10 mM) in 0.1 M TBAP in acetonitrile. Platinum 

WE vs. Ag|Ag+ (10mM of AgNTf2 in [C2mim][NTf2]) at the scan rate of 0.05 V s-1 

Test ECP / V EAP / V ΔEFc|Fc+ /V 𝐸𝐹𝑐|𝐹𝑐+
°′  / V 

1 -0.452 -0.239 -0.691 -0.346 

2 -0.455 -0.225 -0.680 -0.340 

3 -0.451 -0.236 -0.687 -0.344 

4 -0.455 -0.23 -0.685 -0.343 

5 -0.456 -0.231 -0.687 -0.344 

 

Appendix E: Mathematical Data Treatment 

In chapters 4, 5, 6 and 7 a series of statistic equations were used for the 

supercapacitors characterisation results as well as the integration and derivation of a 

curve needed for the capacitance calculation from the cyclic voltammetry and 

galvanostatic charge-discharge measurements, respectively.  

E.1. Statistics: The Mean and the Standard Deviation 

The mean and standard deviation reported in this Thesis were calculated using 

Microsoft Office Excel.  

The following rules can be applied when all the uncertainties are random and 

small, for 𝑁  measurements/quantities, 𝑥𝑖 ,…, 𝑥𝑁  of the same 𝑥 , performed with the 

same method [383].  

The mean (arithmetic average) can be defined using Equation E. 1 and it is 

considered the best estimation for 𝑥. 

�̅� =
1

𝑁
∑∑𝑥𝑖

𝑖=𝑁

𝑖=1

 Equation E. 1 

The standard deviation is defined by Equation E. 2 and is related to the variance 

of a set of data values, 𝑥. 
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𝜎𝑥 = √
1

𝑁 − 1
∑(𝑥𝑖 − �̅�)

2

𝑖=𝑁

𝑖=1

 Equation E. 2 

E.2. Integral under the Curve 

The integral (∫ 𝐼(𝑉)𝑑𝑉
𝑉𝑓
𝑉𝑖

) under the discharge curve between two selected 

points in a cyclic voltammetry graph needed for the Equation 4.8 was performed by 

the GPES program.  

E.3. Derivation of a Curve 

The derivation (𝑑𝑉 𝑑𝑡⁄ ) needed for Equation 4.9 was obtained from the slope of 

the discharge curve from a galvanostatic charge-discharge using Microsoft Excel 
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