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ABSTRACT 

Recently, there has been a drift of attention towards gel polymer based electrolytes owing to the 

fact that they are cheap and can achieve an extended potential window for improved energy 

density in supercapacitor devices when compared to aqueous electrolytes. Thus in this regard, 

the electrochemical characterization of symmetric supercapacitor devices based on different 

polyethylene oxide (PEO) based gel electrolytes was s tudied. The gel polymer electrolyte is based 

on methanol solvent, polyethylene oxide (PEO), lithium perchlorate (LiClO4) and ionic liquid (IL), 

tetraethylammonium tetrafluoroborate (TEABF 4). Polymer electrolytes with different 

compositions were prepared by varying the weight percentage of each of the constituents. The 

EDLC device made with the electrolyte composition of PEO: 10 wt. % LiClO4 + 20 wt. % IL showed 

a maximum operating voltage window of 2.3 V. A peak capacitance of 54.9 Fg-1, energy and power 

density of 23.2 kWh g-1 and 10.8 kW/g were recorded. The enhanced performance were due to 

the improved conductivity of the electrolytes, which is favourable for fast ion transport. 
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CHAPTER ONE 

INTRODUCTION 

 

1.1 Background to the Study 

In re ce nt years , there  has been an increasing enthus iasm in renewable ene rgy due to the  

l imi tation of the a vailable crude oil re sources and the  growing concerns about their negative 

environmental impacts. Migrating from fossil-de rived energy to that s temming from renewable 

sources provides the avenue of green energy and simplifies e nergy distribution, by tra nsmitting 

electrons over a grid or eve n by producing the energy from renewable sources on-s ite, as against 

trans locating the  fossil based fuels. However, energy deri ved from re newable sources, such as 

sunlight, wind, and tide, are short l ived a nd therefore require s a ppropriate storage to ensure 

effi cient, conti nuous, rel iable a nd affordable energy supplies  [1]. Different energy s torage 

technologies have be en developed for various a pplications, they include s uperconducting 

magnetic energy storage (SMES ), capacitors, supercapacitors flywheels, batteri es, pumped hydro 

s torage, compressed-air energy s tora ge (CAES) etc. [2].[3]. 

 

The rapid-growing market of portable electronics and electric vehicles triggers the development 

of e nvironmental friendly energy s torage devices that have hi gh energy and power density, such 

as  supercapacitors batteries. Although batteries possess much energy density, the ir relatively low 

power densities and poor l ife cycle l imit their efficacy in h igh power de manding applications such 

as  regenerative braking and load leveling systems. In comparison, supercapacitors have the ability 

to s tore much more amount of energy tha n the traditional dielectric capacitors and supply energy 

at a  faster rate than batteri es. Because of th is, they are ad apted for applications that require 

energy pulses in short periods  of time , e. g., seconds or tens  of seconds. Such e xceptional 

properties  ste m from the nanoscale capacitors which are formed by the  polarized electrode 

material a nd a layer of a ttracted i ons from the el ectrolyte on i ts s urface. The thickness of the 

electrode-electrolyte interface is directly proportional to the s ize of ions [4]. 
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Supercapacitors (SCs), also named electrochemical capacitors (EC) and pseudocapacitors  (PCs), 

are energy storage devices with excellent properties such as high power capability, excellent 

reversibility (90–95% or h igher), and long cycle life (>105 cycles) have been studied over the past 

few de cades. SCs  working mechanism of is d ivided i nto two types: (1) el ectrical double-layer 

capacitors  (ED LCs) and pseudocapacitors  (PCs). In EDLCs , such as  carbon ba sed SCs , the 

capacitance stems from the charge separation at the electrode/electrolyte interface while in PCs, 

the capacitance arises from reversible faradic reactions occurring at the  el ectrode surface, such 

as  transition metal oxide based SCs  [3]. They are  widely e mployed in  consumer el ectronics, as 

backup sources for memories, clocks, system boards, and microcomputers. SCs  are also used as 

a short time energy s torage device in fuel cell vehicles , hybri d electric vehicles , electric vehicles 

and industrial equipment, such as emergency power supplies in factories or hospitals, railway 

systems, airport buses, and for seaport rubber-tired gantry cra nes [5][6]. 

 

1.2 Statement of Problem 

Among  the numerous electrochemical energy s tora ge (EES) syste ms, the EDLCs  have been 

depicted as one of the promising energy storage devices as they reflect favorable features of high 

energy density in comparison with conventional capacitors, predomi nant powe r density in 

comparison with batteries, fast charging-discharging rates, long cycling s tability, and 

environmental friendly. All  these summed up together, makes it possible for the EDLCs  to yield 

unusually bri lliant results in the next-generation energy s torage systems [7]. In this  regard, SCs 

are devices, which have gained much attention in recent years due to its  broad range of 

applications in smart windows or intelligent displays etc. The l imitation is that SCs  ha ve low 

energy density in relation to lithium ion batteries because of their electrochemical performances 

are usually l imited by the el ectrode materials, electrolytes and their interactions. The most 

critical task in this area is to fabricate materials tha t are viable enough to serve as electrode or 

electrolyte materials and also have high mechanical s trength, excellent capacitance, good 

conductivity and a large electrochemical window  [8].  

 

Prominently, the electrolytes used in electrochemical SCs  determines the maximum operating 

voltage and safety of the device. Aqueous electrolytes, organic electrolytes etc. are the 
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conventional electrolytes, which are widely used in commercial EDLCs. They exhibit high ionic 

conductivities but however, have several issues ranging from easy leaking, carrying difficulty, high 

volatility, expansion through heat absorption, electrode corros ion to adapting a narrow 

temperature range [9]. In recent years , polymer electrolytes have attracted attention and 

suitable because they mirror not just excellent properties of safety and s tability as well. Gel 

polymer electrolytes (GPEs) and micro-porous polymer electrolytes (MPEs) have recently 

garnered much attention due to the high ionic conductivity and timely safety (effective enough 

to preclude leakage in comparison with l iquid el ectrolytes). Polyacrylamide (PAAM), 

polyethylene oxide (PEO) and polyvinyl alcohol (PVA)-based GPEs  are examples of GPEs  for 

EDLCs [7]. 

 

1.3 Aim and Objectives of the study 

The aim of this work is to probe the suitability of a novel PEO-blend polymer electrolyte for 

electrical supercapacitor application through the following set of objectives: 

 Mixing of polymer blend with a suitable ionic liquid to form the electrolyte. 

 Characterization of the GPBE via Fourier transform infrared spectroscopy (FTIR).  

 Electrochemical characterization of the SC devices fabricated us ing the  GPBE via 

electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV).  

1.4 Scope of study 

This work explores the possibility of a  new PEO-polymer blend electrolyte for EDLC devices. The 

work ta rge ts the i mprovement of the e lectrochemical performance a PEO ba sed polymer 

electrolyte by the addition of an ionic liquid and a conducting salt.  

1.5 Organization  

The five chapters in this project are i n the following order;  

 Chapte r one, the introduction; 

 Chapte r two, the l iterature survey; 

 Chapte r three, the mate rials  and methods; 

 Chapte r four, the results and discussion and  

 Chapte r five, consists of a summary and concluding remarks.   
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Energy Crisis of the World 

There is no doubt that worl d economy, ecology, has been affected by climate change due to the  

gradual consumption of the fossil fuels, and greenhouse emissions have become global objectives  

being e ssential for the s ustainable development of economy and the  society. Electricity 

production from the renewable energy sources and further improvement of energy efficiency are 

the most propitious and potential solutions for actualizing these objectives [1]. 

 

The United States Department of E ne rgy (DOE) fore casts that twenty years from now, the world’s 

energy consumption will surge by 20%  (Fi gure 1.1), and that the g rowing global energy crisis. They 

s tated that the energy crisis for the past two decades is attribute d to the  exorbitant cost of energy 

s torage devices, reduction of natural resources, extreme ecological and environmental concerns, 

which are due to the  consumption of fossil fuels, which, has ignited interest in the research, and 

development of s ustainable energy de velopment and the e nhancement of rene wable energy 

systems. With the critical role of e nergy storage de vices in high power e nergy related applications, 

it ha s become imperative to actualize the future energy need by explori ng alternative options for 

reliably low-cost energy storage devices [2]. Also, a dvances in energy s tora ge and efficient power 

conversion systems that will incre ase the proficiency of global energy usage are vital in order to 

mee t the daunting challenges of global warming and the finite nature of fossil fuels[10].  
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Figure 2. 1: The  United States Department of Energy values and forecasts  for energy utilization 

in the period from 1980 to 2030 [2]. 

 

Presently, the re exists different varieties of electricity generating technologies that are still under 

development i n a  bid to thwart the  dependence on the  use  of fossil fuels. These i nclude solar, 

gas, bioma ss, tidal waves, hydro, wood w aste, nuclear energy, sewage gas, solar thermal, landfill 

gas, geothermal a nd wi nd etc. [1]. However, the mai n drawback with renewable energy 

genera tion systems i s that the electricity generated must be used imme diately. Furthermore, 

implementation of renewable energy sources such as solar or wind e ne rgy pose difficulties to 

power ma nagement and grid s tability. This is because of the l arge fluctuations in the generation 

of e lectricity from the actual energy demand. Hence, in other to meet the  world’s future energy 

goal, there is  the  need for the development of efficient energ y s tora ge [2]. Energy s torage 

technologies can enhance the efficiency of s upply systems by storing the e nergy when in great 

quantities  and rel easing it a t a  time of h igh demand [3]. Supercapacitor technologies are  eco-

frie ndly and can help in the  development of more viable efficient systems through the knowledge 

of materials chemistry and materials engineeri ng which specifically targets and improves the 
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nanostructured properties of electrode materials, thereby uplifting the electrochemical response 

at the electrode/electrolyte interface. Further material progression and bre akthrough in research 

and de velopment fundame ntals, a s well as engineering improvements, need to be amended so 

as  to esta blish energy s torage systems that will help pacify global e nergy storage and conversion 

impasses [2].  

 

2.2 Electrochemical Capacitors: Theory and Operation 

Supercapacitor (SC) has  a capacity which is greater than that of the conventional capacitor [4]. 

The de scription of the working me cha nisms for the conventional capacitors  and SCs are as 

follows;  

 

The conventional capacitor comprise of two conducting metals and in order to l imit e lectrical 

contact betwe en them, a  dielectri c is inserted between the two metals. When a voltage is applied, 

opposite charges accumulate on the s urface of e ach el ectrode. The g enerated cha rges are 

separa ted by the dielectric as seen clearly in figure 2.2. [4]. 

 

Figure 2. 2: Schematic of a conventional capacitor [5 ] 

Capacitance C (F) is the ratio of stored charge Q (Columb) to the applied voltage V (Volts): 

𝑪 =  
𝑸

𝑽
         … … … (2.1) 

The capacitance (C) is calculated using the equation below 
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𝑪 =  𝜺𝟎𝜺𝒓
𝑨

𝑫
        … … … (2.2) 

 

Whe re A represents the specific surface area of each electrode (m2 g-1), D is  the distance between 

the two electrodes (m), 𝜀0 is  the dielectric constant of fre e space (Fm-1), and 𝜀𝑟 represents the 

dielectric constant of the insulating material between the two el ectrodes. 

The energy de ns ity and pow er density are  two basic characteristics of a capacitor. The  

energy (E) of a capacitor is evaluated as follows: 

 

𝑬 =  
𝟏

𝟐
𝑪𝑽𝟐         … … … (2.3) 

 

The power P is the energy expended per unit time. As evident in Figure  2.2 , in other to determine 

P for a capacitor, it becomes imperative to describe such a capacitor as a circuit in series with an 

external resistance R. The internal res istance is known as the  equivalent series re sistance (ESR). 

In other words , the internal compone nts of the  capacitor, such as electrodes, current collectors 

and di electric materials , al l contribute to the value of the ESR. The discharge current is a function 

of these resistances . Hence when the matched impedance(𝑅 = 𝐸𝑆𝑅) is measured, the  maximum 

power Pmax for a  capacitor [4] can be calculated using equation 2.4: 

 

𝑷 =  
𝑽

𝟒 ×𝑬𝑺𝑹
        … … … (2.4) 

 

Equati on (2.4) shows how the ESR can affect the  maximum power of a capacitor. For a  

capacitor, the  energy or power density is  expressed as per uni t mass or per unit volume. 

Conventional capacitors have relatively more power densities, but re latively, they have low 

energy densities i n comparison to electrochemical batteries and to fuel cel ls as  

shown i n F igure 2.3. In othe r words, a battery ca n s tore more ene rgy tha n a capacitor, but 

it cannot deliver i t ve ry quickly, so its  power density is  l ow. Capacitors , on the other hand, 

store relatively less energy per unit mass or volume , but el ectrical energy s tore d can be  

discharged rapidly to produce a large power, so their power density is usually h igh.  
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Figure 2. 3: Ra gone plot for various  energy storage and conversion devices. The indicated  

area s are rough guide lines [5] 

 

Generally, the  basic principle for conventional capacitors is also applicable for supercapacitors 

(SCs) as well. Evident from F igure 2.1 and Figure  2.4 , the schematic re presentation of SCs  and that 

of a  conventi onal capacitor are quite similar. The SC device consist of two conducting electrodes 

that are separated by an insulating dielectri c material. The disparity between the conventional 

capacitor a nd a SC is  that the electrodes for S C device has a h igher surface area than that of a 

conventional capacitor, the  electrolyte  solution and the  separator between them. Therefore, with 

this  effect, the capacita nce and energy can be estimated from equations (2.2) and (2.3) [4 ]. 
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Figure 2. 4:  Schematic of an electrochemical double-layer capacitor [5] 

 

2.2.1 Principle of Energy Storage 

Electrochemi cal capacitors (EC) accumulate the electric energ y in  an electrochemical double layer 

(Helmholtz Layer) cre ated at a solid/electrolyte interface. Positive and negative ionic charges 

within the ele ctrolyte build up a t the surface of the solid electrode and rei mburse for the  

electronic charge at the  electrode surface. The thickness of the double layer i s a function of the 

concentration of the electrolyte and on the s ize of the ions and i s in the order of 5 -10 Å, for 

concentrated electrolytes. The double layer capacitance i s around 10–20 µFcm-2 for a s mooth 

electrode in concentrated electrolyte solution and can be calculated according to equation (2.2). 

The combination of the two electrodes produces an electrochemical capacitor of high capacitance 

[6]. Figure  2.5 depicts a schematic dia gram of an electrochemical double -layer capacitor 

comprising of a single cell  possessing a high surface-area electrode material, which is loaded with 

electrolyte. The schematic representation also shows the potential drop acros s the cell.  
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Figure 2. 5  Pri ncip le of a single-cell double-layer capacitor and illustration of the potential drop 

at the electrode/electrolyte interface [6]  

 

The capacitance of a s ingle el ectrode can be  ca lculated by assuming a high surface a rea carbon 

with 1000 m2g-1 and a double layer capacitance of 10 µF cm-2. This hints to a specific capacitance 

of 100 Fg-1 for one electrode. For a capacitor, two electrodes are desired with doubled weight and 

half the total capacitance (C -1= C1
-1+C2

-1) res ulting in 2 5 Fg-1 of a cti ve capacitor mass for this  

example. T he  difference between s ingle e lectrode values and specifications give n for the 

complete capacitor is of significant i mportance [6]. Whenever specifications of an EC a re  given, it 

should be indicated if the values correspond to a single electrode measurement or a re deduced 

for a  complete capacitor. The disti nction between these two scenarios is a factor of four and 

therefore of substantial importance. The maximum energy s tored in such a capacitor is given by 

equation 2.3.  
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2.3 Classification of Supercapacitors 

Based on the working mechanism, SCs  are divided into thre e: EDLCs , PCs  and hybrid capacitors 

(HCs) (See Figure  2.6 ). The SCs show unique mechanisms for charge storage, which are reversible 

fara daic redox, electrostatic storage and a  combination of the  tw o. I n PCs , there are faradaic 

processes tha t involve oxidati on-reduction re actions. The ene rgy stored in PCs  i s by a chemical 

mechanism, materials such as in trans ition metal oxide (TMOs) a nd PCs . Conve rsely, a  non-

Faradaic mechanism occurs  in EDLCs , i n w hich, the charges are k ept apart at the 

electrode/electrolyte interface by physical processes such as carbon-based materials. The third 

type is  the  HC, the  energy s torage process is a combination of the faradaic and non-faradic 

process. Example of such a re the carbon and trans ition metal  oxi de materials compos ite 

supercapacitors [8]. 
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Figure 2. 6: Cla ssification of supercapacitors [5] 

 

2.4 Electrochemical Testing of Cells 

PCs  SCs  are able to deliver h igh rates of charge and discharge, they are l imited for energy stored. 

The electrode material determi nes the  capacity of PCs  SCs  and as  a result, research to improve 

the performance of el ectrode mate rials has dramatically i ncreased. While test methods for 

packaged PCs  SCs are well developed, it is often impractical for the materials scientist to  assemble 

full  s ized, packaged cells to  te st electrode materials. Methodology to measure a material’s 

performance for use as an SC el ectrode is not standardized with various techniques yielding 

different results. The electrode ma terial is a key component that determines an SC’s capacity and 

the most definitive test for a new electrode material is how it performs  in a full scale, commercial 

SC [9]. 
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2.4.1 Fabrication of Electrodes for Testing 

The ele ctrode ma terial i s the he art of the  SC device, which  is the determinant of the 

electroche mical performance in terms of capacita nce, self-discharge, l ife expe ctancy, res istance 

etc. As  such, diligence a nd a painstaking attitude is required during the process of fabrication to 

obta in a high performing and durable electrodes. A hi ghly conductive current collector is used as 

a base where the active ma terial will be coated onto for testing.  

 

The s lurry/paste-like active ma terial is made with a binde r and a conducti ve a dditive (i .e. carbon 

black), the slurry is then uniformly coated onto the current collector a nd then placed in an oven 

to dry. The thi ckness of the electrode ranges from a few tens of micrometers to sub-millimeters. 

This being a function of the active material used and the proposed appl ication. Furthermore, the 

mass of the active material under probe must be known a nd preferably its resultant volume. The 

as -obtained e lectrode is the “working electrode”. 

 

2.4.2 Electrochemical Testing of Electrode Material in a Three (3) and Two (2) Electrode 

Configuration 

Methodology for e lectrode material testing can be grouped into test fixture configuration and 

measurement procedures [9 ]. Test fixture configuration includes the  test fixture type along with 

guidelines for electrode  mass and thickness, and other ce ll components including the electrolyte, 

separa tor, current col lectors , and binder. Mea surement procedures i nclude electrochemical 

measurements and parameters along with the computations to re duce the data to the  desired 

metrics  [9]. 

 

2.4.2.1 Test Fixture Configuration  

A typical SC unit cell is made up of two electrodes that are separated by a porous separator, often 

ti me s, conductive and low surface area additives such as carbon bl ack are added to enhance 

electri cal conductivity. Current coll ectors of metal foil or carbon-filled polymers are util ized to 

conduct electrical current from each electrode. The separator and the  electrodes are infused with 

an e lectrolyte, which permits ions  to flow be tween the el ectrodes while inhibiting el e ctronic 
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curre nt from discharging the cell. A packaged SC module, i rrespective of the de sired size and 

voltage, is  ma de of several repeating unit ce lls. A test fixture configuration that closely replicates 

the unit cell configuration will more closely match the performance of a packaged cell [9], [10]. 

 

Two-electrode test fi xtures are e ither obtainable commercially or ca n be easily fa bricated from 

two stainless steel plates as shown in Figure 2.7. Thre e-electrode electrochemical cells consist of 

a working electrode, a reference electrode and a counter e lectrode as shown in Figure 2.8. T hree-

electrode cells di ffer from two-e lectrode test and packaged cells  in several important aspects. 

With the three-electrode confi guration, only the  worki ng electrode contains  the material 

analyzed and the applied voltage and charge transfer a cross the s ingle electrode are marke dly 

different than in the case of a two-electrode cell configuration. For a  three-electrode cell, the 

voltage potential applied to the working e lectrode i s that shown on the X-axis of the cyclic 

voltammogram (CV) chart (and on the Y-axis of the constant curre nt diagram) and is with respect 

to the particular re fe rence electrode used [9], [10]. In a symmetrical two-electrode cell, the 

pote ntial differences applied to each electrode are  equal to each other and are one-half of the  

value for a three –electrode cell set-up. Therefore, for a  given potential ra nge on the X-axis of a 

cyclic voltammogram (CV), the working electrode of a three -electrode cell has twice the potential 

rang e a s is applied to the e lectrodes  in a two electrode cell and this res ults in a doubling of the 

calculated capacitance value. The  potential difference across the  counter e lectrode in  a three-

electrode cell is neither controlled or measured, and is  an order of magnitude or more lower (in 

the typical cas e that the  counter e lectrode is  larger tha n the reference e lectrode) or can be 

approximately equal (in the ca se that the working a nd counter electrodes a re of the s ame size 

and ma terial.) The point of zero charge location (PZ C) on the CV a lso differs for each re ference 

electrode/electrolyte/material combination and not unl ess the location is  experimentally 

ascertained and used as the minimum volta ge during a CV scan, the working electrode can really 

reverse polarizati ons during cell operation [9 ], [10].  

 

The values  obtained in a three-electrode cell configuration double those of the two-e lectrode cell  

configuration. The  mass of the active material and thi ckness of the electrodes are factors which 
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also influence the measure d results. Whether an ultracapacitor i s fabricated to optimize energy 

density or power density, commercial cell electrode thi cknesses range from about 10 mm thick 

(high power dens ity) to several hundred microns thick (high e nergy density). As ide the fa ct that 

test el ectrodes should be of analogous thicknesses, extremely th in electrodes and/or which 

contain ve ry d iminutive amounts of material can lead to an exaggeration of a material ’s 

performance [9], [10]. 

 

Figure 2. 7: Two-electrode test cell configuration [9] 

 

 

Figure 2. 8: Two-electrode test cell configuration [11] 
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2.4.2.2 Measurement Procedures  

Charging rates, voltage ranges, and approaches for cal culation of metri cs also have an effect on 

the reporte d results and should replicate currently traditional and acknowledged techniques used 

for packaged cells. The prime performance metrics for packaged PCs  SCs  include gravime tric 

energy, power density, a nd life cycle testing. In a SC, the power scales with the square of voltage 

divided by its equivalent series  re sistance (ESR). The measured E SR of a test cell, as well as that 

of a  full-scale pa ckaged capacitor, is due to all cell components , which include leads, current 

collectors, el ectrodes, e lectrolyte, and separator. Therefore, only a fra gment of the measured 

resista nce are ascribed to the e lectrode material itself. Other metrics, such as an ele ctrode 

material’s energy and power density, also do not re veal a direct relationship to those of a 

packaged cell and must embrace information such as package dimensions and the mass of the  

othe r cell components to be me aningful [9].  

 

Specific capacitance is the capacitance per unit ma ss for one electrode (equation (1))  

 

𝐶𝑠𝑝(𝐹𝑔−1 ) = 4 ×  
𝐶

𝑚
        … … … … (2.5) 

 

Whe re C is the  me asured capacita nce for the  two-electrode cell and m is  the total mass of the 

active material in both electrodes. The multiplier of 4 regulates the capacitance of the ce ll and 

the col lective mass of two electrodes to the capacitance and mass of a single electrode. If volume 

is  more  imperative for the besieged a pplication, the vol ume of the e lectrode material can be 

repl aced for mass. Ce ll  capacitance is best e valuated from galvanos tatic or constant current (CC) 

discharge curves using equation (2) with I the discharge current and  

 

𝐶 = 𝐼
(

𝑑𝑉

𝑑𝑡
)⁄           … … … … (2.6) 

 

dV/dt deduced from the  s lope of the CC discharge curve. Galvanostatic d ischarge is  the  

recognized me asurement method for ascertaining the capacitance value for packaged PCs  in the 
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industry. This relates more cl osely to how a l oad is  applied to the PC in most a pplications. The 

voltage ra nge used for testing should be applicable to that which is used for commercial cells and 

should mirror the electrolyte’s electrochemical window (from 0 V to approximately 1  V for 

aqueous electrolytes and from 0 V to 2.5–2.7  V for organic electrolytes). Maximum voltages for 

hybri d cells will be contingent upon electrode materials and electrolytes. The firs t portion of a 

discharge curve re ve als an IR drop due to internal re sis tance while the rest of the curve will 

typically be  li near for non-faradic materials. Pseudocapacitive and hybrid systems can showcase 

large deviations in linearity which are primarily based upon varying capacitance with voltage [9]–

[11]. 

 

It is  worthy to note that dri ving a cell above its true maximum operating voltage can result to an 

overestimation of specific capacitance. Ce lls operated at these levels will have truncated l ifetimes 

and we ak efficiencies because of the non-reversible reactions within the cell. Capacitance varies 

with vol ta ge, especially for hybrid and Ps eudocapacitive cells , and as such, it is pertinent to 

calculate the capacitance value using the typical operating voltage range for the application that 

the device wil l be utilized [9]–[11]. 

 

Most PCs  wil l be operated in the range of Vmax to a pproximately 0.5Vmax a nd the suggested 

method is  to make use of two data poi nts from the  discharge curve with dV/dt = (V max – 

0.5Vmax)/(T2  –T1). Including the  lower half of the  voltage range in the calculations ca n disrupt 

the seeming capacitance above that which is  practically achievable for an actual application. Very 

low degre es of discharge also give rise to large amount of errors . This is  es pecially when linked 

with small electrode masses, with the current from cell  le akage, capacitance from other cell 

components, and faradic rea ctions supplying an increasing pe rcentage of the indication as 

discharge rate. Using equation (2.6) and CV data, I is the average current duri ng discharge (from 

Vma x to zero volts) and dV/ dt, which is the scan rate. As  with CC curves , capacitance depends on 

voltage ra nge, scan rate, and computation method. Voltage scan rates of at least 20 to 40 mV s -1 

are needed to uphold discharge ti me s on the  order of a  minute a nd satisfactorily refl ect a 

material’s performance [9]–[11]. 
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2.5 Evaluation of Devices 

2.5.1 Cyclic Voltammetry (CV) and Cyclic Voltammetry Advanced (CVA)  

Cycl ic voltammetry (CV) i s a degree of the current as  a function of a predestine d voltage range 

us ing a re versible linear voltage sweep known as the scan rate. The voltage applied between the 

two SC electrodes in the  cas e of the tw o-electrode cells configuration and between a  working 

electrode and reference el ectrode in the case of the three -electrode cell configuration. The 

pote ntial in the CV s tarts at an initial  vol tage and rises linearly with respect to time until it attains 

a final voltage, the scan is reversed and the potential changes from the final voltage to the initial 

voltage at the same rate. The instantaneous current during the ca thodic and a nodic sweeps is 

note d to characterize the electrochemical reactions involved. The da ta are plotted as current (A) 

vs. potential (V) or sometimes as current (A) or potential (V) vs. time (s) [12]–[14]. To examine the 

charge storage mechanisms  of supercapacitor materials where E DLC and PC types  are typically 

apart, CV testing with the three-electrode setup is the most propitious te chnique. The test results 

is  analyzed taking into a ccount the shape of the re sulting CV curve, which should be rectangular 

for E DLC. F or some PC materials, pronounced redox peaks may occur in a highly revers ible 

manner.  

 

2.5.2 Electrochemical Impedance Spectroscopy (EIS) 

Electrochemi cal impedance spectroscopy (EIS) is  a very important te chnique to study the 

electroche mical performance of SCs. It measures the impedance of a power ce ll with respect to 

the freque ncy by applying a  low-amplitude a lternating voltage (normally 5 mV) which is  

superi mposed on a steady-state potential. The resulting data are expressed in a Bode plot and in 

a Nyquist plot. While the Bode plot de monstrate the cell response between the phase angle and 

frequency, the  Nyquist p lot delineate the imaginary and re al parts of the cell  impedances on a 

complex plane. Aside the frequency re sponse and the impedance, the EIS has also been used as 

a me ans to characterize the mass transport, charge transfer a nd charge storage mechanisms . It is 

used to estimate  the capacitance, energy, and power properties. Different equivalent circuits and 

models developed to differentiate the  contribution of i ndividual s tructure component in a cell 

system to the  total impedance of that pa rticular cell. When SC de vices are tested, the real parts 
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of the complex impedance at s elected frequencies in literature to re present the ESR. H owever, 

one  ne eds to keep i n mind that th is E SR obtained from the EIS test is  often much smaller than 

that which is obtained from the constant current charge /discharge (CCCD ) test.  

 

2.6 Electrode Materials 

In EDLC, no chemical reactions occurs  for the  storage of el ectrical charges but rather, e nergy is 

instead being stored through the a dsorption of i ons to the  surface of charged e lectrodes . In  

pseudocapacitance, there occurs some ultra -fast re dox reactions  on the surface of the el ectrodes, 

increas ing the en ergy de nsity of the S C while decreasing i ts charge-discharge speed a nd its 

l ifespan as well. The  capacitance of a SC i s dependent on the ma terial used in the fabrication of 

the electrodes . In  symmetrical SCs , the re  are two el ectrodes, which a re made up of the  same 

material. I n asymmetrical, or hybrid SCs, there i s often one electrode that e xhibits PC, and a 

second corres ponding that displays EDLC. This combination of the two types of capacitance is the 

sole re ason why hybrid SCs  maintain a better efficiency than s tandard pseudocapacitors , and a 

greater specific capacitance than EDLCs. There e xis ts a  surfeit of dis tinct materials that may be  

used in the electrodes of PC or the ED LC. Classic pure E DLCs typically employ electrodes produced 

of porous activated carbon (AC), but pseudocapacitors may also involve electrode materials such 

as  transition metals and conducting polymers. T he re is no exa ct rel ationship betw een the 

increased specific surface area (SSA) of AC a nd capacitance, which is  due to EDLC. But on the  

othe r hand, SSA is  not the definiti ve contributor to capacitance, prompting research into different 

electrode materials [15], [16 ]. 

 

2.6.1 Carbon Materials  

Carbon materials, in the ir various forms, are the most e mployed electrode materials in the 

fabrication of SCs . This is due its high surface area, low cost, availability and established electrode 

production technologies. Carbon materials employ the electrochemical double layer s torage 

mechanism at the  interface be tween the  electrode  and the  electrolyte. T he storage mechanism 

used by carbon materials is electrochemical double layer formed at the interface between the 

electrode and electrolyte. Hence, the capacitance principally depends on the surface area handy 
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to e lectrolyte ions. Vital factors , which affect el ectrochemical pe rformance, are specific surface 

area , pore shape  and s tructure, pore s ize di s tribution, surface functionality and electrical 

conductivity. The presence of large surface area in carbon materials, results in a h igh capability 

for charge accumulation at the interfa ce of electrode and e lectrolyte. When rocketing specific 

capacitance for ca rbon materials, apart from pore s ize and high specifi c surface area, surface 

functionalization must be taken into cons ideration. Examples  of carbon ma terials used as  

electrode materials are  activated carbon, carbon nanotubes, carbon aerogels, gra phene etc. [17], 

[18], [19]. 

 

2.6.1.1 Activated Carbon 

The most w idely used electrode material is activated carbon (AC) and this is a corollary of its  large 

surface area, good electrical properties, well develope d specific surface area (SSA) of up to 3000 

m2 g-1 and moderate  cost. AC can be produced e ither through the process of physical or chemical 

activation from numerous types  of carbonaceous materials (e.g. wood, coal nutshell etc.). For the 

process of physical activation, carbon precursors are treated at high temperatures  (70 0-1 200 oC) 

in the presence of oxidizing gases like steam, CO2 and air. While in the case of chemical activation, 

the carbon precursors are treated at l ow temperatures (400 -70 0 oC) us ing activating agents such 

as  sodium hydroxide, potassium hydroxide, zinc chlori de and phosphoric acid. Porous  structure  

of AC obtained via  activation processes had a broa d pore s ize di s tribution tha t consists of 

micropores (50 nm). Abundant researchers ha ve tested the  relationship between specific 

capacitance and specific surface area (SSA) of AC. T heir report shows what looks like a discrepancy 

betw een them. With a h igh SSA of around 3000 m2 g-1, a re la tively small capacitance was 

obta ined. This  is  a reve lation that not all  pores are  effective duri ng the proces s of charge 

accumulation. It is worthy to note that extreme activation causes  an increase of the pore  volume. 

This leads to draw backs l ike l ow conductivity and material density, which then re sults in a low 

energy density and loss of power capabil ity [20]–[23].  

2.6.1.2 Carbon Nanotubes (CNT) 

CNT  are used as SC electrode material because of its unique pore structure , good mechanical and 

thermal s tability and superior e lectrical properties. CNTs are produced through the process of 
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catalytic de composition of some hydrocarbons. By carefully tweaking different parameters, it 

becomes poss ible to ma nufacture  nano s tructures in various conformations and control their 

crys talline  structure. Unlike other carbon-based electrodes, CNTs permits a  continuous charge 

distribution that uses almost all of the accessible surface area. CNTs possess a lower ESR than AC 

because the electrolyte  ions can diffuse into the mesoporous network. They a lso additionally 

provi de a good support for a cti ve materials as a result of thei r high mechanical resilience and 

ope n tubular network. Generally, CNT have small SSA (less than 500m2g-1) which leads to a low 

energy density as compared to AC [22], [24]–[26]. 

 

 

 

Figure 2. 9: Structure of a  single walled carbon nanotube [2 7] 

2.6.1.3 Carbon Aerogel Derived from Biomasses  

Carbon aerogel is another form of carbon, which is used as materials for SC electrodes, whereby 

the porous  carbon is produced through pyrolysis  of organic aerogels. The porosity is due to the 

blending of interconnected colloidal particles. The porous  carbon materials could be  composites, 

monoliths, powders, microspheres, or thi n fi lms. The a erogels carbon materials have been 

reported to exhibit higher surface area in comparison to AC. Carbon fiber aerogels with surface 

area s ranging from 1536  to 2436  m2 g−1 and pore size ranging between 1.0 and 4 .0 nm e xhibited 

high specific capacitance of 282 F g−1 (1 A g−1) in 6 M KOH  electrolyte [22], [28]. 
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2.6.1.4 Graphene 

Graphene is a material with a one-atom thick layer 2D s tructure. It has emerged as an exceptional 

carbon ma terial that ha s  prospect for energy s torage a pplications because of i ts excellent 

characteristics of high electrical conductivity, chemical stability, and large surface area. Graphene 

is  vaunted as a vi able material for SC applications, because whe n graphene is used as electrode 

material it depends not on the  distribution of pores  at solid state, in comparison to other carbon 

materials such as AC, CNT e tc. G raphene, which is newly developed, has hi gher SSA around 2630 

m2 g-1. It is capable of achieving a  capacitance of up to 550 F g -1 if the entire SSA is utilized. Another 

advantage of us ing graphene as electrode material is that both key surfaces of gra phene sheet 

are exterior and are rea dily reachable by electrolyte. Methods  of producing gra phene include: 

chemical vapor deposition, micromechanical exfoliation, arch di scharge method, unzipping of 

CNTs , epitaxial growth, e lectrochemical a nd chemical methods and i ntercalation methods in 

graphite [29]–[33]. 

 

 

Figure 2. 10  Structure of a graphene layer [27] 

 

2.6.2 Conducting Polymers  

Conducting polymers exhibit a relatively high conductivity a nd capacitance and ESR in comparison 

with carbon based electrode materials. There exist different electrode configurations that can be 

used for conducting polymers but the  n/p type configuration, having one negatively charged (n-

doped) and one pos itively charged (p-doped) electrodes, provi des a high energy a nd power 
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densities, although due to the l ack of n-doped, conducting polymer e lectrode materials have 

restricted PCs  from re aching the ir pote ntial. I n conducting pol ymers, the process  of charge 

s torage and re lease is due to a reduction-oxidation process. Through the process of oxidation, 

also known as doping, ions are tra nsferre d to the backbone of the polymer whereas through the 

process re duction, also known as de-doping, ions are released back into the solution. On the 

othe r hand, th is reduction-oxidati on process in conducting polymers  causes mechanical stress 

which thwarts  the s tability through many charge-discharge cycles. Taking into consideration the  

different type s  of conducting polymers, polyanil ine (PANI) is  the most auspicious SC e lectrode 

material because of its high conductivity, easy method of synthesis, excellent capacity for energy 

s torage and excellent cost e ffectiveness. I ts  drawback is because through the repetitive cycles 

(charge/discharge  process) swelling and shrink ing occurs , and a rapid degradation in performance 

is  evident. To a meliorate this, it is necessary to combine PANI with carbon material. When this is 

done, i ts stability is reinforced and its capacitance is maximized [4], [34]–[3 7]. 

 

2.6.3 Transition Metal Oxides and Hydroxides 

Metal oxi des pres ent another substitute for materi als used in electrodes fabrication SC. This  is 

because they exhibit hig h s pecific capacitance and low res istance, thus  making it simpler to 

fabricate SCs with high e nergy and power. The frequently used metal oxides are as follows: nickel 

oxide (NiO), ruthenium dioxide (RuO2), manganese oxide (MnO2), iridium oxide (IrO2). They are 

feas ible alternative because of their lower cost of production and use of a milder electrolyte. 

RuO2 in both amorphous and crystalline is an important compound due to its unique combination 

of characteristics, l ike catalyti c activities, metallic conductivity, e lectrochemical reduction-

oxidation properti es , hi gh chemical and thermal stability a nd fie ld emitting behavior. Its 

application include electronics, thick or th in  resistors, ferroelectric films  and integrated circuit 

development. The most current application of RuO2 is as an electrode material in SCs due to the 

advantages it offe rs which include; long cycle l ife, wide potential wi ndow of h igh specific 

capacitance, h ighly reve rsible reduction-oxidation reaction, a nd metallic type conductivity.. 

Manganese oxide has re cently enticed a lot of research interest because of its  unique physical 

and che mical properties (its low cost, excellent capacitive pe rforma nce in aqueous electrolytes 
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and environmental benignity). Its wide range of applications include: ion exchange, catalysis, 

bios ensor, energy storage and molecular adsorption [38]–[43].  

 

The ele ctrode of a  SC de vice must have a high specific capacitance in other to have a high 

electroche mical performance. In contrast with a n ED L material, the favorable pseudocapacitive 

materials can attain higher specific capacitance. Prepared by the  different methods, layered 

trans ition me tal hydroxides have a range of flower-like lamellar structure. The hydroxides display 

high specific area and dedicated channels, which expedite for re dox reaction towards actualizing 

high el ectrochemical be havior. The revealed treme ndous pseudocapacitive performance makes 

them particularly suitable as  electrode materials for SCs a s th ey can exhibit smart 

pseudocapacitive performance. During their use as  el ectrode ma terials, a revers ible redox 

reaction occurs during the charge-discharge process. A high-performing electrode must meet the 

needs of high specific capacitance, h igh rate capacity a nd long stability [44]–[48]. 

 

2.6.4 Composites 

Composite electrodes combine carbon-based material with e ither metal oxide or conducting 

polymer materials. The effect of thi s is that it in  turn offers both physical and chemical charge 

s torage mechanism together in  a single electrode. Composite electrode materials  for SCs include 

carbon-carbon composites, carbon-metal oxide composites and carbon-conducting polymer 

composites. I n ca rbon-polymer ba sed composites, conducting polymers such as polyaniline, 

polythiophen and polypyrrole with pseudo-capacitance properti es are e mbedded in carbon 

nanomaterials (carbon fibre, MWCNT, fullerene and graphene) which have electrical double layer 

capacitance properti es. In carbon-metal oxide based compos ites, ca rbon material because of its 

high surface area and regular pore structures is merge d with metal oxides  (like RuO2, MnO2 and 

Fe2O3) very easily, and also the carbon material has both ionic and electronic conductivity of the 

electrode surface. The resulting composite material thus exhibits high density and stable power 

densities. The incorporation of me tal oxides with conducting polymers g ive ri se to me tal oxide-

polymer based composites. Th is is done to enhance their e lectrochemical properties. Amongst 
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thes e transition metal oxides, hydrous ruthenium oxide has the best electrochemical properties 

tan other transition metal oxides [26], [49]–[53]. 

 

2.7 Electrolytes 

Electrolytes a re one of the mos t si gnificant components in  the 

performance of e lectrochemical SCs, which include electri cal double-layer 

capacitors , ps eudocapacitors a nd hybrid supercapacitors. The se electrolyte s constitute i ons for 

charge tra nsport a nd s torage. S ince the energy density of SC device is  proportional to the  

capacitance and the square of the  voltage (refer to equation 2.3). To increase the energy density, 

either the capacitance or the cell operating voltage has to be increased [54]–[56]. 

 

Widening the  potential window of an electrolyte i .e., e nlarging the cell voltage (V), ca n effectively 

increase the energy density as seen from equation of 2.3. Increas ing the cell voltage is more 

effi cient than increasing the electrode capacitance in terms of energy density; this  is  because the 

energy density is directly proportional to the square of the  cell voltage. Therefore, improving new 

electrolytes/solutions w ith broad pote ntial windows s hould be g iven priority than the  

development of new electrode materials. Aqueous based SCs usually have an operating potential 

window of about 1.0–1.3  V be cause the aqueous electrolyte’s potential window is about 1.2 3 V. 

The org anic electrolyte a nd ionic l iquid (I L) based SCs  generally have potential windows of 2.5–

2.7 and 3.5–4.0  V, respectively. Furthe rmore, electrolytes/solutions  also play a  crucial role  in 

dete rmining other important prope rties such as the  power de nsity, ra te performance, internal 

resista nce, cycling lifetime, operating temperature range, self-discharge and toxi city, (as seen in 

Figure 2.8) which are also key in the practical us e of SCs [54]–[56]. 

 

The contact be tween the  electrolyte a nd the electrode materials also plays an important role in 

the performance of the device, i.e. the exact fit between the electrolyte ion size and the pore size 

of carbon electrode materi al has a weighty s timulus on the achievable specific ca pacitance. The 

PCs  obtained from the carbon-based materials and TMOs are greatl y contingent to the nature of 

the electrolytes. The ionic conductivity of electrolytes plays a substantial role i n the internal 
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resista nce of the device especially for the ca se of orga nic and ionic l iquid (IL) electrolytes. The 

viscosity, boiling point and freezing point of the  electrolyte s can also mainly influence the thermal 

s tability and thereby the operating temperature range of the device. As identi fied, the aging and 

brea kdown of devices are related to the e lectrochemical degradation of the electrolytes. With 

respect to the development of electrolyte for SC devices, a large vari ety of electrolytes such as 

aqueous electrolytes, organic electrolytes, IL electrolytes, redox-type electrolytes and solid or 

semi-s olid electrolytes have been investigated and great advancement has been recorded during 

the past several decades [54]–[56]. 

 

Generally, the  perquisites for a  standard electrolyte  are as  follows: wide potential window; high 

ionic conductivity; hi gh chemical and electrochemical s tability; h igh che mical and el ectrochemical 

inertness to other SC components (e.g., electrodes, current col lectors and packaging); wide 

ope rating temperature ra nge; w ell-matched with the e lectrolyte materials; low volatility and 

fl ammability; environmentally friendly; and cost effective. Actually, it is  almost impossible for an 

electrolyte to mee t all of these requireme nts, and e ach el ectrolyte has i ts own merits  and 

demerits. 
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Figure 2. 11: Effects of the electrolyte on the electrochemical supercapacitor (ES) performance 

[54] 

 

In ge neral, different types of electrolytes have been established and re ported in the l iterature to 

date . As  shown in Figure 2.9 , these electrolytes are categorized as l iquid electrol ytes and 

solid/quasi solid-state e lectrolytes. In  ge ne ral, l iquid e le ctrolytes classified into aqueous 

electrolytes, organic electrolytes and ion-l iquids (ILs), while solid or quasi-solid state electrolytes 

can be divide d into organic electrolytes and inorganic electrolytes. To date, there exists no ideal 

electrolyte developed, meeting all the  requirements discussed previously [54]–[56]. 
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Figure 2. 12: Classification of e lectrolytes  for electrochemical supercapacitors [54] 

 

2.7.1 Aqueous Electrolytes 

Aqueous electrolytes have a high conductivity value (for example, about 0.8  S cm–2 for 1 M H2SO4 

at 25°C), which is at least one order of magnitude higher than that of organic and IL electrolytes. 

This is advantageous for lowering the ESR of the  cell device, leading to a better power delivery of 

such device. The selection yardstick for a queous electrolytes generally takes into consideration 

the s izes of bare and hydrated cations a nd a nions and flexibility of ions, which affects not only 

the ionic conductivity but also the specific capacitance value. In addition, a n electrolyte’s ESPW 

and the corrosive i ntensity should be considere d. In general, aqueous electrolytes can be  

classified into acid, alkaline, and neutral solutions in which H2SO4, KOH and Na2SO4 are respective 

representatives and the most often used electrolytes (Figure 2.11). As  s tated above, the main 

short comi ng of aqueous electrolytes is  their relatively  na rrow ESPW, res tri cted by the 

decompos ition of water [54], [57]–[63].  
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2.7.2 Organic Electrolytes  

Organic electrolyte-based S Cs are presently l eading the commercial ma rket due to the ir high 

ope ration potential window typically in the range of 2.5 to 2.8 V. The increased operation cell 

voltage can land a drastic i mprovement in both the ene rgy and power de nsities. Furthermore, 

us ing organic electrolytes permits  the use of cheaper materials such as aluminum for the current 

collectors  and packages. Normal orga nic electrolyte s for the comme rcial EDLCs consist of the 

conductive salts (e.g., tetraethylammonium te trafluoroborate (TEABF4)) di ssolved in the  

acetonitrile (CAN) or polypropylene carbonate (PC) solvent [54], [62], [64]– [69 ]. 

 

However, there are other issues that should be taken into consideration when using the organic 

electrolytes for SCs . Compared to devices which use aqueous electrolytes, devices using organic 

electrolytes usually have a higher cost; have smaller specific capacitance; lower conductivity; and 

safety concerns re lated to the flammability, volatility and toxicity also rai ses a n eye brow. 

Furthermore, organic electrolyte requires a convoluted purification and assembling processes 

under controlled environment to preclude any re si dual impurities (e.g., water) that can give rise 

to la rge performance de gradation and serious self-discha rge issues. Als o, s imilar to aqueous 

electrolyte-based supercapacitors, the nature of salts and solvents, such as ion size, ion-solvent 

inte raction, conductivity, viscosity and ESPW, has  intense influences on the  performance of 

orga nic electrolyte-based SCs [54], [62], [64]–[69]. 

 

Generally, organic electrolytes have bigger solvated ion sizes and lower dielectric constants , which 

can lead to lower EDL capacitance va lues. Therefore, it is vital to  ma tch the pore s ize of carbon 

materials with the size of electrolyte ions to amplify the specific capacitance. The  degradation is 

because of the following reasons: (1) Broad operation cell voltage could accelerate the oxidation 

of e lectrode materials. This happens  when the ope rating voltage of the device is higher than the 

typical values  of 2.5−2.8  V such as  above 3 V. This could l ead to gas evolution due to the 

electrolyte decomposition a nd carbon ele ctrochemical oxidat ion. (2) The  electrolyte ion 

inte rcalation or the e lectrochemical reaction of the org anic electrolytes could also lead to the 

degradation of the  performa nce of the de vice; and (3) finally; harsh work ing conditions (e.g., high 
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peak te mperature and w orking voltage) may trigger the  degradation of the device performance. 

Therefore, understanding the aging and failure mechanisms will be beneficial  to the development 

of devices with w ider voltage windows. Another setback of organic electrolyte s is their much 

lower i onic conductivity in comparison to the aqueous electrolyte. For example, the ionic 

conductivity of the commonly used 1 M TEABF 4/ACN electrolyte i s 0.06 S cm –1, which is  

s ignificantly lower than tha t of the  30 wt. % H 2SO4 electrolyte (0.8 S cm–1 at 25°C). The low 

conductivity of the organic electrolyte can result in a much higher ESR compared to the  aqueous  

electrolyte-based ESs, which then thwarts  the maximum power dens ity [54], [62], [64]– [69 ]. 

 

2.7.3 Ionic Liquids 

Ionic liquids are also known as  low temperature or room temperature molten salts. ILs are salts, 

consisting cations and a nions with melting poi nt be low 100 °C. An I L usually is composed of a 

large asymme tric organic cation and an i norganic or organic anion. This special combination of 

certa in cation and anion provi des to a  low melting point. Due to their unique s tructures and 

properties , ILs have received much interest as alternative electrolytes for S Cs. In general, ILs have 

several potential advantages i ncluding high thermal, chemical and e lectrochemical s tability, 

negligible volati lity, and non-flammability (depending on the combination of cations and anions). 

The physical and chemical properties  of ILs can be  highly tunable customized to meet certain 

requirements of ES performance such as operative cell voltage, working temperature range, ESR 

(rel ated with the i onic conductivity), and so on due to their large  variety (virtua lly unlimited) of 

combinations of cations and anions [54], [70]. 

ILs  are classified as aprotic, protic and zwitterionic types based on their composition (Fig 2.12). 

The reg ul arly used ILs for SCs in  imidazolium, pyrrol idinium, a mmonium, sulfonium, 

phosphonium cations, and so on. Typical ani ons of ILs  are tetrafluoroborate (BF4–), 

hexafluorophosphate (PF6–), bis(trifluoromethanesulfonyl)imide (TFSI–), bis(fluorosulfonyl)imide 

(FSI–), and dicyanamide (DCA–) [54]. 
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Figure 2. 13: Ba sic types of ionic liquids: aprotic, protic and zwitterionic types [54] 

 

In ge ne ral, the  pyrrolidinium-based ILs have a wider ES PW while the  imidazolium-based ILs  can 

produce higher ionic conductivity. As s tated before the  operative cell voltages of commercial 

orga nic el ectrolytes (e.g ., ACN and PC) ba sed ED LCs  are  generally l imited to 2.5–2.8  V, and 

increas ing the cell voltage beyond this l imit would cause serious electrochemical decomposition 

of orga nic solvents. However, many s tudies using I L- electrolyte-based SCs could give operative 

cell voltages above 3 V. Besides, commercially used organic solvents (e.g., ACN) a lso face safety 

issues due to the ir volati le and flammable nature e specially when used at high te mperatures. 

Solvent-free ILs may have an upper hand in atte nding to the safety problems associated with the 

use of comme rci al organic s ol vents, making I L-based SCs a dvantageous  for high-temperature 

applications [71]–[73].  

Unfortunately, the ma in drawbacks with most ILs are high viscosity, low ionic conductivity and 

high cost. These s etbacks can l imit their pra ctical applications in de vices. Even for [EMIM][BF4] 

electrolyte, which has a relatively high ionic conductivity among the common ILs, its conductivity 

(14 mS cm–1 at 25 °C) is  sti ll much lower than that of the TEABF4/ACN (5 9.9 mS cm–1 at 25 °C). 

With the use of ILs in SCs devices, the rate and power performance are l imited which in turn leads 

to a  loss of the power density. This is  because both the  low conductivity and high viscosity of IL-

based electrolytes can greatly increase the ESR values (which cannot be buffe red by increas ing of 

the cel l voltage) of the IL based de vices. I n a ddition, the specifi c capacitance of IL electrolyte-
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based EDLC devices are ofte n less than those of both based on aqueous and organic electrolyte 

especially at high scan rates or high charging/discharging rates. This is probably due to the  high 

viscosity of ILs . I n order to unde rstand the aging or failure  mechanisms of I L el ectrolyte-based 

EDLCs , the el ectrochemical decomposition of ILs beyond the ESPW have been i nvestigated by 

us ing i nstrumental analysis  me thods such as in-situ infrared and electrochemical spectroscopy 

methods and in-situ XPS [71], [74]–[76].  

 

2.7.4 Solid- or Quasi-Solid-State Electrolytes for ESs  

The rapid growing de mand of power for portable electronics, wea rable e lectronics, 

microelectronics, printable electronics and e specially fl exible electronic devices has placed the  

research a nd development spotlight o n s olid-state electrolyte-based electrochemical energy 

devices. The solid-state el ectrolytes can both serve as the  ionic conducting media and as an 

electrode separator. The main merit of solid-state electrolytes are the simplification of packaging 

and fabrication processes of SCs  and liquid-leakage free. Most of the solid-state e lectrolytes 

developed for SCs  are polymer electrolytes only very l imited work has dwelled on inorganic solid 

materials. The polymer-based solid electrolytes for SCs  can be classified into thre e types: the gel 

polymer e lectrolyte w hich a re also called quasi-solid-s tate electrolyte due to the pre sence of a 

l iquid phase (GPE), the solid polymer electrolyte (SPEs, also known as dry pol yme r electrolytes), 

and the polyelectrolyte [77], [78].  

 

Cons ider Figure 2.12, the  SPE is comprised of a polymer (e .g., PEO) and a salt (e.g., LiCl), devoid 

of a ny solvent e.g. water. The ionic conductivity of SPE due to the  trans location of salt ions 

through the  polymer. On the other hand, the GPE is a polymer host (e .g., PVA) a nd an aqueous 

electrolyte (e.g., H2SO4) or a conducting salt dissolved in solvent. I n this case, the polymer serves 

as  a matrix, which is engulfed by the solvent. The ion transportation occurs in the solvent instead 

of in  the polymer phase, which i s qui te distinct from that of the SPE. In the pol yelectrolyte 

category, the ionic conductivity is supplied by the charged polymer chains [54].  
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Figure 2. 14: Schematic diagrams of (a) dry solid-state polyme r electrolyte (e.g., PEO/Li+), (b) ge l 

polymer e lectrolyte, and (c) polyelectrolyte [54] 
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Generally, GPEs have the highest ionic conductivity amidst these three categories of s olid-state 

electrolytes. The presence of a l iquid phase in a GPE, significantly ra ises its ionic conductivity 

higher than that of the dry SPE. Thi s  is the rea son for its dominance i n solid el ectrolyte -based 

supercapacitor products. GPEs may however, suffer from re lative poor mechanical strength and 

narrow operative temperature range especially whe n water is  the solvent. The weak mechanical 

s tre ngth of GPEs is a nother setback which is of main concern as it may lead to i nternal s hort 

circuits bri nging about safety issues [79],  [80 ]. 

 

Although dry SPEs  normally have l ow ionic conductivity values , they have a relatively higher 

mechanical strength in comparison to GPEs. These solid-state electrolytes for SCs  have a common 

disadvantage is a l imited contact surface area between the solid el ectrolyte a nd the e lectrode 

material especially for nanoporous materials. This problem increases the ESR value, reduces the 

performance rate and limits the  uti lizati on of active el ectrode ma terials, which then result in a 

low specific capacitance of the de vice. Solid electrolytes are been used for various types of SCs  

such as EDLCs, PCs  a nd hybrid S Cs with d ifferent kinds  of electrode materials. When developing 

solid-state el ectrolytes for SC a pplication, the following re quirements should be considered: (1) 

high chemical, electrochemical and thermal stability, (2) high ionic conductivity and (3) sufficient 

mechanical s trength and dimensional stability. The rea lity is such that it is almost impossibl e for 

a solid-sate e lectrolyte to meet all of the se require ments. The re  are often some trade-off 

betw een mechanical strength and ionic conductivity [81], [82].  

 

2.7.4.1 Gel Polymer Electrolytes 

GPE s are currently the most widely studied electrolytes for solid-sta te SCs due to their high ionic 

conductivity. GPE is  made up of a polymer matrix (host pol ymer) and a  l iquid electrolyte (e.g., 

aqueous electrol yte, organic solvent containing conducting salt a nd ionic liquid). Some already 

explore d polymer ma trices for preparing G PEs are a s follows pol y(vinyl alcohol) (PVA), poly(-

acrylic aci d) (PAA), potassium polyacrylate (PAAK), poly (ethyl oxi de) (PEO), 

poly(methylmethacrylate) (PMMA), poly(ethe r ether ketone) (PEEK), poly(acrylonitri le)-block-

poly(ethylene glycol)-block-poly(acrylonitrile) (PAN-b-PEG-b-PAN), and poly(vinylidene fluoride-
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co-hexafluoropropylene) (PVDF-HFP). A hydrogel polymer e lectrolyte results when water is the 

plasticizer. H ydrogel polymer electrolyte has  three -dimensional polymeric networks ca n trap 

water i n the polymer matri ces mainly through surface tension. One of the most noteworthy 

advantages of using solid-state electrolytes  including in SCs is because it permits the de velopment 

of malleable structures and tunable shapes for different desired applications. For example, based 

on the PVA-based hydrogels, va rious s olid-state have been de veloped, including flexible , 

s tre tchable , fl exible micro-, printa ble micro-, on chip micro-,3D micro-, yarn, wi re or fi ber-

shaped, transparent, ultrathin and weaveable SCs with other devices [54], [80], [81]. 

 

2.8 Pr ior Works on Gel Polymer Based Electrochemical Capacitors 

A fle xible GPE fi lm with high conductivity based on green biopolymer-carboxylated chitosan was 

developed by Hezhen Yang e t. al. [83] via the  solution coating and crosslinking by hydrochloric 

acid for all-solid-sate SCs. For the pre paration of the carboxylated chitosan hydrogel (CCH) fi lm, 

carboxylated chitosan powe r (1.0 g ) w as d issolved in deionized wate r (10 ml) a t room 

temperature under magnetic s tirring to produce carboxylated chitosan casting solution. The 

solution was made to s tand for a while to remove air bubbles and then coat casting to the glass 

plate was done. Spin coating was used to prepare the casting solution a s fi lm and the fi lm 

thickness was managed by spin coating a t a speed of 500 rpm/min for 6  seconds. Finally, the glass 

plate with the  solution was cross-linked through immersion i n hydrochlori c acid s olution for 6 

hours, and the re sulting thickness of the CCH fi lm w as  0.532 mm. The  fl exible a nd transparent 

CCH  fi lm possessed several advantages such as  hi gh ionic conductivity, high electrolyte absorption 

capacity and high flexibility. The  e ngendered ca rboxylated  chitosan hydrogel fi lm with 

tremendous fl exibility re flects a hi gh electrolyte  uptake ra te of 742.0 wt%, a nd a hi ghest ionic 

conductivity value of 8.6 9×10−2 Scm−1. All -solid-sta te electronic double layer capacitor (EDLC) was 

fabricated with carboxylated chitosan fi lm as  the gel polymer electrolyte, acti vated carbon film 

as  the electrodes , and carbon cloth a s collectors. The device showed a high electrochemical 

performance a nd a high specific capacitance of 45.9 Fg −1 at 0.5 A g−1. The maximum energy 

density of the fabricated EDLC a ttaine d 5.2 Wh kg−1 at a power density of 22 6.6Wkg −1 and a high 

power density of 2206.5Wkg−1 at 1.9 Wh kg−1 within 0–0.9 V potential window [83]. 
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Shengmei Chen et al. [84] reported for the first time, a h igh performance flexible solid-state zinc 

ion hybrid supercapacitor (ZHS) based on co-polymer derived hollow carbon spheres (HCS) as the 

cathode material, polyacrylamide (PAM) hydrogel as polymer electrolyte and deposited-Zn on 

carbon cloth as the a node material. For the preparation of the  polyacrylamide (PAM) hydrogel 

electrolyte, an in-situ polymerization me thod was used. Typically, 80 mM of z inc sulphate (ZnSO4) 

was dissolved in  40 mL of deionized (DI) water under vigorous stirring. Then, 1 0 g of a crylamide 

was added in the above solution under vi gorously magnetic stirring at 4 0 oC. Next up, 2 mg of N, 

N'- methylenebisacrylamide as cross-linkers  and 50 mg of potass ium persulfate as initiator were 

added into the above solution and maintained at 4 0 oC for 2 hours . The mixture solution degassed 

and sealed under nitrogen atmosphere for 30 min to el iminate the dissolved oxygen. Finally, the 

ZnSO4 PAM fi lm obtained after a free-radical polymerization at 70 oC for 2 hours . A flexible solid-

s tate ZHS supplies a maximum di scharge ca pacity of 86.8 mAh g -1 with  a ma ximum energy density 

of 59.7 Wh kg-1. It a lso displays an excellent cycling stability with 98% capacity rete ntion over 

15,000 cycl es at a current density of 1. 0 Ag -1. As a result of the flexible electrodes  and electrolyte, 

the sol id-state ZH S i s adjustable e nough to e ndure varying  de formations such  as squeezing, 

twis ting and folding [84].  

 

An ultra-stretchable and superior healable supercapacitors based on a double cross -linked 

hydrogel e lectrolyte was  de veloped by Huili L. et al . [85].  They reported a nanocomposite 

hydrogel of a copolymer poly(2-acrylamido-2-methylpropane s ulfonic acid-co-N,N-

dimethylacrylamide) (pol y(AMPS-co-D MAAm)) cross-linked by double l inkers of Laponite 

(synthetic hectorite-type clay) and graphene oxide (GO). For the preparation of the  poly(AMPS-

co-DMAAm)/Laponite/GO nanocomposite hydrogels, a n in-situ co-polymerization of the 

monomers AMPS and DMAAm i n the presence of GO and La ponite dispersion was carried out. 

GO (0.32 g, 2.5 wt%) was dispersed in deionized water (7.8  mL) wi th continuous stirring for 20 

min to obta in a homogeneous dispersion. An ul trasonic vibra tion for 30 min then followed this . 

Then, Laponite (0.16 g) was added into the GO suspens ion and the resulting mixture was  stirred 

for a  period of 15 min. The AMPS (0 .38 g), DMAAm (1 .05 mL), and i nitiator potassium persulfate 

(KPS; 0.01 g ) w ere added  with stirring for 1 5 min as one of them was added. Finally, to obtain the 
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precurs or, catalyst of N,N,N′,N′-tetramethylethylenediamine (TEMED; 10 μL) was blended along 

with stirring for 5 min. The precursor was transferred i nto a homemade mold, and followed by an 

in-s itu free  radical co-polymerization in ambient te mperature for a period of 24 h. The as -

prepared hydrogel films  (thickness spanning from 0.8 to 1.5 mm) were cut into desired shapes for 

characterization or use in supercapacitors.  The res ultant hydrogel exhibits high mechanical 

s tre tchability (tensile strength of 3 4 KPa a nd s tretchability of 1173%), excellent ionic conductivity, 

and superior healable performance. Supercapacitors made by uti l izing this hydrogel as a  gel 

electrolyte not jus t only display an ul trahigh mechanical s tretchability of 1000% , but also they 

atta in repeated healable performance under infrared l ight irradiation a nd upon heating. More 

s ignificantly, the broken/healed s upercapacitor also possesses an ul trahigh s tretchability up to 

900% w ith only a slight performance decrease of 15%. This vaunted hydrogel electrolyte could be 

easily functionalized by integrating other functional components, and also they can be extended 

for use in other porta ble and wearable energy related devices with multifuncti on [85].  

 

A hi ghly adhesive poly(ionic liquid) and a commercial ionic liquid (P IL/IL) gel polyme r electrolyte 

for use in flexible solid sta te SCs was prepared by Sandra A. Alexandre e t. al. [86]. I n their work,  

they de monstrated the preparatio of a  novel  gel polymer e lectrolyte (GPE) with si gnificant 

adhesive characteristics by amalgamating a synthe sized poly(ionic l iquid) which consists of 

poly(1-vinyl-3-propylimi dazolium bis(fluorosulfonyl)imide) (poly(VPI FSI)) and a  commercial ionic 

l iquid, 1-ethyl-3-methyl imi dazolium bis(fluorosulfonyl)imide (EMIFSI). The polymeric ionic l iquid, 

poly(1-vinyl-3-propylimi dazolium bis(fluorosulfonyl)imide) poly(VPIFSI) was synthesized in two 

s tages. Firstl y, the  direct pol ymerization of the IL monomer VPIBr occurred to produce the 

poly(ionic l iquid) 1-vinyl-3-propylimidazoliumbromide-poly(VPIBr). The second s tage deals with 

the modification of the synthesized poly(ionic liquid) by means of a  simple ion exchange reaction 

betw een the pol y(VPIBr) and the  li thium bis(fluorosulfonyl)imide (Li FSI) to produce the  

poly(PVIFSI). The PIL/IL-GPE containing the poly(VPIFSI) as the host polymer was prepared by the 

solution casting method in proportions of 30, 50 and 70 wt% of IL. 0.5 g of poly(VPIFSI) was 

separa tely and completely dissolved in 5 mL of ace tone for 8 h. EMIFSI ionic liquid was then added 

to the solution in corresponding quantities and mixed until a homogeneous solution was attained.  
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The effect of the P IL/IL-GPE (50 wt. % of IL) on the  properties of a flexible solid s tate SC was 

investigated with the aid of electrochemical impedance spectroscopy (EIS), cyclic voltamme try 

(CV) and the ga lvanostatic charge/discharge technique that allows synchronous measurements 

or determination of the cell voltage and the potential of the positive and negative electrodes. The 

properties  of the a dhesive PIL/IL-GPE, include high conductivity, good interaction between the 

PIL matrix a nd the IL l iquid phase that hinders leakage to ensure  safety, good adherability and 

wettability of the gel electrolyte on the electrode surface etc. All  these excellent properties have 

been uti lized to produce a device with an improved rate capability a nd cyclability that hardly 

experiences any changes i n specific capacitance, e nergy density and powe r density of the cell 

when folded [86].    

Pankaj Tuhania et. al. [87] developed a novel ionic liquid (I L)-doped solid polymer electrolyte 

based on poly (vinylidene fluoride-co-hexafluoropropylene) as host polymer (PVDF-HFP) and low-

viscosity 1 -ethyl-3-methylimidazolium thi ocyanate as  dopa nt for efficient e lectrochemical 

double-layer capacitors (EDLC).  Pure and I L-doped electrolyte fi lms were pre pared through the 

process of solution casting. PVDF-HFP dissolved in  acetone using magnetic s tirrer for 2 h  and a 

dire ctl y chosen amount of IL was added to maintain its desired rati o (by wt.) in PVDF-HFP films to 

prepare IL-doped films. To make a homogenous viscous solution of polymer-IL, the mixture was 

kept on magnetic s tirrer overni ght. The prepared solution w as  ke pt for drying i n polypropylene 

petri  dishes at room temperature, this  was then preceded by vacuum drying to eliminate the 

remaining tra ces of acetone (i f any) to achieve freestanding fi lms of pure PVDF-HFP and IL-doped 

fi lms. T he  cha racterization of the  fi lms was done us ing conductivity mea surements; 

electroche mical s tability window (ESW) measurements, optical microscopy, and Fourier 

transform i nfrared (FTIR) spectroscopy. Finally, they pre pared a  device using the ma ximum 

conductivity IL-doped film a s electrolyte material. Electrochemical i mpedance spectroscopy of 

the ionic l iquid doped polymer electrolyte re vealed a s ix orders of magnitude enhancement in 

conductivity be havior of the  electrolyte fi lms by IL doping. A l inear sweep voltammetric 

investigation and study of the e lectrolyte  fi lms revealed a robust electrochemi cal stability window 

of 3.6 V. Polarized optical microscopy of the synthesized fi lms showed a reduction in the degree 

of crystallinity brought about by IL doping. The FTIR spectroscopy me asurement furthe r affirms 
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the compos ite na ture of the fi lm. F or an 80% of the ionic-dope d syste m, the ma ximum 

conductivity value obtained is 2.65  mS /cm. Furthermore, the developed EDLC shows a specific 

capacitance value of 2.36 Fg -1 [87].  
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CHAPTER THREE 

EXPERIMENTAL PROCEDURE AND CHARACTERIZATION TECHNIQUES 

3.1 Production of the various polymer electrolyte and electrode material 

3.1.1 Materials  

Polyethylene oxide (PEO, Sigma–Aldrich, mol. Wt. =  600,000), Lithium perchlorate (LiClO4, Sigma–

Aldrich) and ionic liquid (IL), tetraethylammonium tetrafluoroborate (TEABF 4), Purity >98%, were 

obta ined from Sigma–Aldrich, Germany. Synthe tic graphite (Merck powder, <20 μm), chitosan, 

acetic acid, conducting carbon was also used. Methanol was the sole solvent throughout the 

course of this experime ntal work. 

 

3.1.2 Preparation of Polymer Electrolyte Films  

Polymer electrolyte films of seven (7) differe nt compositions were prepared. The samples were  

denoted as sample 1, 2,  3a,  3b,  3c, 3d and 3e . The composition of the di fferent electrolytes are 

as  follows: pristine PEO which corresponds to 1, PEO:10  wt. % I L corre sponds to 2, and (PE O:10 

wt. % LiCl O4) + x wt. % IL (x = 0 (corresponds to 3a), 5 (corresponds to 3b), 10 (corresponds to 3c), 

15 (corresponds to 3d), 20 (corre sponds to 3e)), were prepared by the  orthodox solution casting 

technique. The films could be obtained as ‘‘freestanding fi lms’’ for a pplication as solid polymer 

electrolytes. The PEO, LiClO4 and IL, in des ired ra tios, were mi xed wi th me thanol and s tirred 

vigorously for one hour. The resultant homogeneous solution was placed in a polypropylene petri 

dish and the solvent wa s allowed to eva porate s lowly in ambient condition. After complete  

evaporation of the solvent, free standing films of diffe rent compositions  were  obtained [1].  

 

3.1.3 Preparation of the electrode material 

Aceti c acid solution was prepared in a concentrati on of 3 wt. % of aceti c acid i n water inside a 50 

ml beaker. The mixture was stirred for 10 minutes at 300 rpm. The homogenously stirred solutions 
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were  then used in  the preparation of the  chitosan-based binders of wt. concentration of 1.2 %. 

This was allowed to s tir until a ll chitosan dissolved giving a homogeneous  and cl ear viscous 

solution. The as-prepared chitosan binders were then used to prepare the electrode pastes in the 

weight pe rcent ra tio of 85:10:5 in te rms  of graphite (active carbon), binder and conducting 

carbon; in  a beaker a nd then allowed to s tir to homogeneity [2]. 

 

The pre pared pastes were coated on a carbon cloth substrate, which have been previously 

weighed. T he  coa ted substrates were then oven-dried for 12 h  at 40 0C to ensure that the 

electrodes were completely dri ed. The mass of the  dried coated substrates were taken and the  

difference between dried coated substrates and uncoated substrates were  recorded [3]. For the  

full  device, fabricati on pairs of circular cut coated carbon cloth substrates with equal masses were 

used to fabricate  a coin cell device using the novel as pre pared gel polymer electrolyte prepared 

as  mentioned above. Fi lter papers were used as separators for the device.  

 

3.2 Materials Characterization 

3.2.1 Fourier Transform Infra-red Resonance (FTIR) Spectroscopy of Electrolyte Samples  

Fourier tra nsform infrared s pectroscopy w as carried out on the  ge l polymer electrolyte samples 

us ing a Thermo Scientific Nicolet iS5 spectrometer within a wavenumber range of 500 – 4000 cm-

1. 

3.3 Electrochemical Analysis 

3.3.1 Cyclic Voltammetry (CV) 

The CV me asurement we re carried out in a two-electrode configuration for each cell. The 2-

electrode CV was conducted us ing the fabricated symmetrical devices, with a Gamry re fe rence 

600 workstation supplying the required pote ntial. T his test was carried out at scan ra tes of 5 mV 

s -1 to 100 mV s -1 and volta ge varied from of 0.6 V to 2.3 V; depe nding on the electrolyte used to 

fabricate the device. The  CV test was carried out in 2 pa rts: va rying voltage at constant scan rate 

and varying scan rate at constant voltage. The specific capacitance for the 2-electrode experiment 

was obtained by [3]: 
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𝐶𝑠𝑝 =  
4𝐶ℎ𝑎𝑟𝑔𝑒

𝑚 𝑉
       … … … … (3.1) 

 

Whe re; 𝐶𝑠𝑝 is the Specific Ca pacitance (F g-1), the charge corresponds to the area of voltagramm 

(C), m i s the Active Mass (g), V represents  the potential window (V). Also, the energy – density 

was obtained by [4]: 

 

𝐸𝐷 =  
0.5 𝐶ℎ𝑎𝑟𝑔𝑒 𝑉2

3.6 𝑚
      … … … … (3.2) 

 

where; 𝐸𝐷  is the energy Density (kW hg-1), as  usual, the charge corre sponds to the area of 

voltagramm (C), m is  the  Active Mass (g), V re presents the potential window (V), While power – 

density was obtained by [4]: 

 

𝑃𝐷 =  
4 𝑉2

𝑚 𝑅
       … … … … (3.3) 

 

Whe re; 𝑃𝐷  is the power density (kW g-1), V i s the potential window (V), m is the active mass (g), 

and 𝑅 is the equivalent series res istance. 

 

3.3.2 Electrochemical Impedance Spectroscopy 

The i on ki netics within the e le ctrodes was probed us ing the electrochemical impedance 

spectroscopy (EIS) with an amplitude of 10 mV at the frequency ra nge of 10 mHz to 100 kHz [4 ]. 

A Bode  plot which the rel ationship between the pha se angle and the fre quency was obtained 

alongs ide a Nyquist which showed the relationship between the imaginary and re al part of the 

impedance of electrode material, equivalent series res istance of device and the charge transfer 

resista nce [5]. 
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CHAPTER FOUR 

RESULTS AND DISCUSSIONS 

4.1 Fourier Transform Infra-red Resonance Analysis of Electrolytes 

The pri stine polymer PEO is  has a very low conductivity. H owever, the C-O-C ether group of PEO 

can form a  complex with the  cations of many ionic salts, which leads to the  increase in its ionic 

conductivity. The complexation of the  salt cation (say Li+) and I L-Ca tion (TE A+) in PEO, apart from 

introducing conducting ions also change the degree of crys tallinity, which is an additional help for 

cation/anion mobility [1], [2], [3 ]. A more direct proof that ether oxygen of C-O-C bond of PEO is 

involved in the complexati on comes from the Fourier transform infrared  resonance (FTIR) results. 

The Figure 4.1  shows the vi brational spectra  of the seven (7) polymer electrolyte samples. 

 

 

Figure 4. 1:  FTIR spectra of the 7 electrolyte samples labelled 1, 2, 3a, 3b, 3c, 3d a nd 3e  
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Figure 4. 2: Expanded spectra of (A) C-O-C vibration of PEO a nd (B) C-H  and O-H/N-H stretching 

of IL for the 7 electrolyte samples labelled 1, 2, 3a, 3b, 3c, 3d and 3e  

 

The C-O-C s tretching vibrations of PEO which are observed at approximately 1000–1 200 cm-1 are 

particularly interesting for our s tudy because the cations of the salt as well as  IL added to PEO are 

more l ikely to complex with ether oxygen of this C-O-C bond [4 ], [5]. The C-O-C vibrations of PEO 

have three peaks viz. peak A at 1060.66 cm -1, a broa d peak B centered at 1113.69 cm-1 and peak 

C appearing at 1114.88 cm-1. The expande d FTIR for these relevant vi brations are shown in Figure 

4.2 and res pective peak positi ons are given i n Table 4.1 from which the following inferences can 

be drawn 

 The pe aks  related to C-O-C vibrations of pris tine PEO a t 1060.6 6 cm-1, 1113.6 9 cm-1 and 

1114.88  cm-1 shift to 1024.9 8, 1087.17, and 1148.80 cm-1, respectively on a ddition of salt 

LiClO4. This indicates that Li + cation is complexing with ether oxygen C-O-C of PEO. 

 The C-O-C peaks of pristine PEO occurring at 106 0.66, 1113.69, and 1114.8 8 cm -1 also shift 

on a ddition of IL only. Peak shift are observed at 1060, 1102, and 1149 cm -1, respectively. 

This indicates that the (TEA+) cation of IL also complexes with the C-O-C group of PEO. 

 As  both IL cation and Li + complex with PEO, it is expected that the peak positions in mixed 

polymer e lectrolyte (PEO:LiClO4 + IL) will be different than pristine PEO as is  given in Table 

1. The peaks of C-O-C vibration of pristine PEO occurring at 1060.6 6, 1113.69, and 1114.88 

cm-1 shift to 1024.9 8, 1095.37, and 1148.88 cm-1, respectively for PEO:10 wt. % LiClO4 + 5 
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wt. % IL system. Also the  C=C group wh ich is absent in electrolyte  samples 1 and 2, 

becomes obvious in 3a, 3b and 3c at a  wave number of 1644.98cm -1. 

 In view of (2) above, the  vibrations  of IL cati on imidazolium ri ng wil l change, when 

complexed with ether oxygen of C-O-C group of PEO chain. The expanded FTIR spectra of 

C-H and O-H s tretching vibration of (TEA+) cation ring in the polymer electrolyte samples 

is  given in Figure 4.2(B and listed in Table 1. It is  clear that the  C-H s tretching vibrations 

remain somewhat constant for all e lectrolyte polymer samples. Worthy to note is that the 

O-H  stretching which is absent for electrolyte samples 1 and 2 is present in 3a , 3b and 3c. 

It is  at a constant value  of 3500 cm -1. 

 

Table 4. 1: Changes in C-O-C vibrations of PEO and CH stretching vi brations of IL cation (TEA+) 

ri ng  on complexation  

 

 

 

 

 

Peak Positions Pristine PEO  PEO + IL PEO + 10 
wt. % LiClO4

 

+ 0 wt. % IL  

PEO + 10 wt. % 
LiClO4

 + 5 

wt. % IL  

PEO + 10 wt. % 
LiClO4

 + 10 

wt. % IL  

PEO rel ated  
C-O-C 

vibrations (A) 

1060.66 cm-1 1032.21  cm-1 1024.98  cm-1 1024.98  cm-1 Absent 

PEO rel ated  

C-O-C 
vibrations (B) 

1113.69 cm-1 1095.36  cm-1 1087.17  cm-1 1095.37  cm-1 1095.37  cm-1 

PEO rel ated  
C-O-C 

vibrations (C) 

1114.88  cm-1 1148.88  cm-1 1148.88  cm-1 1148.88  cm-1 1148.88  cm-1 

C=C Absent Absent 1644.98  cm-1 1644.98  cm-1 1644.98  cm-1 

C-H stretching 2884.03  cm-1 2884.03  cm-1 2884.03  2884.03  cm-1 2874.86  cm-1 

O-H  stretching Absent Absent 3500 cm -1 3500 cm -1 3500 cm -1 
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4.2 Electrochemical Analysis 

4.2.1 Cyclic Voltammetry and Electrochemical Impedance Spectroscopy 

Figure 4.3(A) repre sents the CV of the supercapacitor de vice uti lizing electrolyte sample 1 (Pure 

PEO). A constant scan rate at 50 mV s -1 and the potential varied from 0 .3 V to 0.6  V a t increasing 

inte rval of 0.1 V. The maximum operating vol tage of the device was 0.6 V. Figure 4.3(A) shows a 

quasi-rectangular shape, which shows that the produced e lectrodes exhibit the  typical EDLCs 

behavior. Fi gure 4.3(B) re presents the CV of the supercapacitor device util izing electrolyte sample 

1 (Pure  PEO) at a consta nt pote ntial of 0.6V and varying scan rate  from 5 mV s-1 to 100 mV s -1. 

The scan rate  of the experiment controls how fa st the a pplied potential is scanned. Faster scan 

rate s lead to a  decrease in the s ize of the  diffus ion layer; a s a consequence, higher currents are 

observe d [6].  The CV curves  with a maximum potential window of 0.6 V of the E DLC at different 

sca n rates  showed quasi-rectangular shapes, indicating low charge transfer resistance and 

rela tively ideal capacitance characteristics. 

 

Figure 4. 3: (A) CV of EDLC device utilizing electrolyte sample 1  at constant Scan rate of 5 mVs -1   

(B) CV of ED LC device uti lizing electrolyte  1 a t constant potential of 0.6V (C) Variation of specific 

capacitance with scan rate for device with electrolyte sample 1 

 

As  the scan ra te increas ing (up to 100 mV s -1), there seems to be deviation from the quasi-

recta ngular shape into a leaf-like shape, showing that the charge transfer resistance became the 

dominant factor in the device [7]. Figure 4.3(C) shows the variation of specific capacitance with 

sca n rate for the device with electrolyte sample 1. The spe cific capacitances of de vice were 
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approximately 5.05, 4.15 , 3.01, 2.29, 1.4 7, 1.01 and 0.88 F g -1 measured at a scan rate from 5 , 10, 

20, 30, 50, 75 and 100 mV s -1 respectively. The specific capacitance decreased as the scan rate 

increased indicating a capacitance retention of 17.42 % as  the scan rate increases. This is because 

increas ing the scan rate leads to a  corresponding difficulty in the di ffusion of electrolyte ions into 

the interna l s tructure of electrodes and insufficient interaction be tw een the  el ectrolyte and 

materials of e lectrolyte thereby resulting in decrease of capacitance [7]–[9]. 

 

  

Figure 4. 4: (A) PEI S Nyquist plot of EDLC device utilizing el ectrolyte sample 1 (B) PEI S bode plot 

of EDLC de vice uti lizing electrolyte sample 1 

 

Figure 4.4(A) repre sents the PEIS Nyquist plot for a frequency range of 10 mHz to 100 kHz carried 

out on the EDLC using the as prepared el ectrolyte sample 1. The equivalent series resistance 

which is the i ntercept on the  Z’ was  55 Ω. Mea nwhile, no semicircle was observed in e ither 

Nyquist plot, w hich i mplies  the fast charg e transfer process of the redox rea ction at the 

electrode/electrolyte interface [10]. Figure 4.4(B) i llustrates the PEIS bode plot of the device for 

a fre quency range of 10 mHz to 100 kH z. The phase angle obtained is  -64 .6 0 which is somewhat 

distinct from -90 0 which is typical of i deal capacitors [11].  
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Figure 4.5(A) repre sents the  cyclic voltammogram of the  supercapacitor device utilizing 

electrolyte sample 2  (PE O + IL). The scan rate  was kept constant a t 50 mV s -1 and the potential 

was ca refully vari ed from 0. 5 V to 2 V. The  maximum operating voltage of the  device was 2V. As  

expected, figure 4.5(A) shows a  quas i-rectangular shape, which shows that the produced 

electrodes exhibit the typical EDLCs behavior. Figure 4.5(B) represents the CV of the 

supercapacitor device utilizing electrolyte sample 2  at a constant potential of 2 V a nd varying scan 

rate  from 5 mV s-1 to 100 mV s -1. As  the scan rate is increased (up to 1 00 mV s -1), there seems to 

be a  gradual deviation from the quasi-rectangular shape into a relatively greater area possessing 

leaf-like structure unlike that recorded for electrol yte sample 1 where the pear shape is sharper 

at both ends with a less area. F igure 4.5(C) shows the variation of specific capacitance with scan 

rate  for the  device with electrolyte sample 2.  The specific capacitances of device were  

approximately 18.7, 16.1 , 14.1, 12.9, 11 .3, 10.5, and 9.7 F g -1 measured at a scan rate from 5 , 10, 

20, 30, 50, 75 and 100 mV s -1 respectively. The specific capacitance decreased as the scan rate 

increased indicating a capacitance retention of 51.9 % as the scan rate i ncreases. 

 

   

Figure 4. 5: (A) CV of an EDLC device utilizing electrolyte sample 2 at constant Scan rate of 50 

mVs -1 (B) CV of EDLC device uti lizing electrolyte  2 a t constant potential of 2V (C) Va riation of 

specific capacitance with scan rate for device with electrolyte sample 2 
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Figure 4. 6: (A) PEI S Nyquist p lot of EDLC device uti lizing electrolyte sample 2 (B) PEIS bode plot 

of EDLC de vice uti lizing electrolyte sample 2 

 

Figure 4.6(A) repre sents the PEIS Nyquist plot for a frequency range of 10 mHz to 100 kHz carried 

out on the EDLC using the as prepared electrolyte sample 2. The equivalent series resistance that 

is  the intercept on the Z was 55 Ω which is the same as that of electrolyte sample 1. No semicircle 

was observed in either Nyquist plot, which s till implies the  fa st cha rge transfer process of the 

redox reaction at the electrode/electrolyte interface. Figure 4.6(B) il lustrates the PEIS bode plot 

of the device for a  frequency range of 10 mHz to 100 kH z. The phase angle obtained i s -65.9 0 

which is slightly above that the EDLC device using electrolyte sample 1. The energy dens ity of the 

device reached a maximum value of 5.07 Wh kg-1 at a specific capacitance of 18.3 Fg -1. The highest 

power density attained by the device is 1.61 W k g-1 at a corresponding energy density of 3.14 Wh 

kg-1. 

Figure 4.7(A) repre sents the CV of the supercapacitor de vice utilizing e lectrolyte sample 3a (PEO 

+ 0 wt. % I L + 10 wt. % Li ClO4). The scan rate was constant at 50  mV s -1 and the potential varied 

from 0. 5 V to 1.2 V. The maximum operating voltage of the device was 1.2 V. A high voltage of 1.4 

V was neglected as  the maximum operating voltage of the de vice be cause at this  voltage, 

degradation through redox reaction must have occurred. Fi gure 4.7(B) represents the cyclic 

voltammogram of the EDLC device utilizing electrolyte sample 3a at a constant potent ial of 1.2 V 

and varying scan rate from 5 mV s -1 to 100mV s -1. The CV curves  with a maximum potential window 

of 1.2 V of the EDLC at di fferent scan rates  showed quasi-rectangular shapes, which is similar with 

othe r electrolyte samples. As the scan rate is  in cre ased (up to 100 mV s -1), a change from the 
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quasi-rectangular shape to a leaf-like shape occurs . Figure 4.7(C) shows the variation of specific 

capacitance with scan rate for the device with electrolyte sample 3a. The specific capacitances of 

device were approximately 15.8, 15.4, 14.4 , 12.4, 10.5, 8. 8 and 7.5 F  g-1 measured at a scan rate 

from 5,  10, 20, 30, 50,  75 a nd 100  mV s -1 respectively. The specific capacitance decreased as the 

sca n rate increased indicating a capacitance retention of 4 7.5 % as the scan rate increases. 

 

Figure 4. 7: (A) CV of EDLC device utilizing electrolyte sample 3 a at constant scan rate of 50 mVs -

1   (B) CV of EDLC device utilizing electrolyte 3a  at constant potential of 1.2V (C) Variation of 

specific capacitance with scan rate for device with electrolyte sample 3a  

 

Figure 4.8(A) repre sents the PEIS Nyquist plot for a frequency range of 10 mHz to 100 kHz carried 

out on the EDLC us ing the as prepared el ectrolyte sample 3a. The equivalent seri es resistance, 

which is the intercept on the Z-axis, was 27 Ω, which is quite different from that recorded for the 

devices using electrolyte sample 1 and 2. As  with the previous cases, no semicircle was observed 

in the Nyquist plot, which still implies the fast charge transfer process of the redox re action at the 

electrode/electrolyte interface. Figure 4.8(B) il lustrates the PEI S bode plot of the device for a 

frequency range of 10 mHz to 100 k Hz. The phase angle obtained is -76.8 0 which is significantly 

greater tha n the previous two tested devices . The e nergy density of the device reached a  

maximum value of 0.95 Wh kg-1 at a  specific capacitance of 15.8 Fg-1. The highest power density 

atta ined by the device is 1.4 W kg-1 at a  corre sponding energy density of 0.81 Wh kg -1. 
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Figure 4. 8: (A) PEI S N yquist plot of EDLC device utilizing el ectrolyte sample 3a (B) PEIS  bode plot 

of EDLC de vice uti lizing electrolyte sample 3a  

 

  

 

Figure 4. 9: (A) Comparis on of the CV of EDLC devices uti lizing electrolyte  samples 1, 2 and 3a at 

a potential of 0.8V and scan rate of 50 mVs -1 (B) Comparison of the PEIS Nyquist plots of EDLC 

devices uti lizing electrolyte  samples 1, 2 and 3a  

 

Figure 4.9(A) delineates the  comparison of the CV of the EDLC devices employing electrolyte  

samples 1 , 2 a nd 3a. The are a of the curve unde r the  CV re presents the charge s tored by the 

device. The EDLC device using e lectrolyte sample 3a store s charge slightly more than that utilizing 

2. The device employing electrolyte sample 1 stores the least charge and as such is unsuitable for 

further consideration. Figure 4.9(B) re presents the comparison of the  PEI S Nyquist plots of the 
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EDLC de vices util izing electrolyte samples 1, 2 and 3a. The  ED LC device using electrolyte sample 

3a obvious ly has the best equivalent series resistance of 27 Ω in comparison to that of the devices 

us ing e lectrolyte samples 1, 2 a nd 3 as  determined from the Z -axis. S ince the equivalent series 

resista nce is inversely proportional to the power de nsity, a  lower value of res istance implies 

maximize the  power density. Al so the EDLC which employs electrolyte sample 3a, is more stable 

than that using electrolyte samples 1 and 2 a s its phase angle is -76.8 0. 

 

   

 

Figure 4. 10: (A) CV of ED LC device util izing electrol yte sample 3b at constant scan rate of 5mVs -1   

(B) CV of ED LC device uti lizing electrolyte  3b at constant potential of 0.8V (C) Va riation of 

specific capacitance with scan rate fo r device with electrolyte sample 3b  

 

Figure 4.10(A) repres ents the CV of the supercapacitor device uti lizing electrolyte sample 3b (PEO 

+ 5 wt. % I L + 10 wt. % Li ClO4). The scan rate was kept constant at 5 mV s -1 and the potential was 

carefully va ri ed from 0.5  V to 1 V. The maximum operating voltage of the  device 0.8 V. A high 

voltage of 1 V wa s neglected as  the maximum operating voltage of the device because at this 

voltage, de gradation through redox re action must have occurred. Figure 4.10(B) represents the 

CV of the EDLC device uti lizing electrolyte sample 3b at a constant potential of 0.8 V and varying 

sca n rate from 5 mV s -1 to 100 mV s -1. The CV curves with a maximum potential window of 0.8 V 

of the EDLC at different scan rates showed quasi-recta ngular shapes, which is similar with other 

electrolyte samples. As  the sca n rate is i ncreased (up to 100 mV s -1), a change from the quasi-

recta ngular shape to a leaf-like shape occurs. F igure 4.10(C) shows the variation of specific 
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capacitance with scan rate for the device with electrolyte sample 3b. The specific capacitances of 

device were approximately 10.2, 9.9, 9.2, 7 .6, 6.1, 5.6 and 4.1 F g -1 measured at a scan rate from 

5, 10, 2 0, 30, 50, 75 and 100 mV s -1 respectively. The specific capacitance decreased as the scan 

rate  increased indicating a capacitance retention of 40 .2 % as the  scan rate increases.  

  

 

Figure 4. 11: (A) PE IS Nyquist pl ot of EDLC device uti lizing electrolyte sample 3b (B) PEI S bode 

plot of EDLC device util izing electrolyte sample 3b 

 

Figure 4.11(A) repres ents the PEIS Nyquist plot for a  frequency range of 10 mHz to 100 kHz  carried 

out on the EDLC device using the as prepared el ectrolyte sample 3b. The equivalent series 

resista nce, which is the i ntercept on the Z-axis, 37 Ω. As  with the pre vious  cases, no semicircle 

was observed in the Nyquist plot, which still implies the fast charge transfer process of the redox 

reaction at the electrode/electrolyte interface. Figure 4.11(B) illustrates the PEIS bode pl ot of the 

device for a frequency ra nge of 10 mH z to 100 kHz. The phase angle obtaine d is -73.3 0. The energy 

density of the device reached a maximum value  of 0.18 Wh kg -1 at a specific capacitance of 10.2 

Fg-1. The highest power density attained by the device is 0.32 W kg-1 at a  corre sponding energy 

density of 0.22  Wh kg-1. 
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Figure 4. 12: (A) CV of ED LC device uti lizing electrolyte  sample 3d at constant scan rate of 

40mVs -1   (B) CV of EDLC device utilizing electrolyte 3d at constant potential of 1V (C) Va riation 

of specific capacitance with scan rate for device with e lectrolyte sample 3d  

 

Figure 4.12(A) repres ents the  cyclic vol tammogram of the supe rcapacitor de vice utilizing 

electrolyte sample 3 d (PEO + 15 wt. % IL +  10 wt. % LiClO4). The scan rate was constant at 40  mV 

s -1 and the potential was varied from 0.5 V to 2. 2 V. The maximum operating voltage of the device 

was 2 V. A high voltage of 2.2 V wa s neglected as the maximum operating voltage of the device 

to preclude a degradation of the device through redox reaction. F igure 4.12(B) represents  the 

cyclic voltammogram of the EDLC device util izing electrolyte sample 3d at a constant potential of 

2 V and varying scan rate from 5 mV s-1 to 100 mV s -1. The CV curves  with a maximum potential 

window of 2 V of the  EDLC a t different scan ra tes showed quasi-rectangular shapes which is 

s imilar with other electrolyte samples. As the scan rate  is increased (up to 100 mV s -1), a change 

from the quas i-rectangular shape to a leaf-like shape occurs. Figure 4.12(C) shows the variation 

of specifi c capacitance with scan rate for the  device wi th electrolyte sample 3b. The specific 

capacitances of device w ere approximately 36.9, 27 .8, 24.4, 22.6, 2 3.1, 18.5 and 16.8 F g-1 

measured at a  scan rate from 5 , 10, 20, 30, 50 , 75 and 10 0 mV s -1 respectively. The specific 

capacitance decreased as the scan ra te increased indicating a ca pacitance retention of 45.5 % as 

the scan ra te increases 
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Figure 4. 13: (A) PE IS Nyquist pl ot of EDLC device uti lizing electrolyte sample 3d (B) PEI S bode 

plot of EDLC device util izing electrolyte sample 3d 

 

Figure 4.13(A) repres ents the PEIS Nyquist plot for a  frequency range of 10 mHz to 100 kHz  carried 

out on the EDLC device using the as prepared el ectrolyte sample 3d. The equivalent series 

resista nce, which is the i ntercept on the Z-axis, 27 Ω. As  with the pre vious  cases, no semicircle 

was observed in the Nyquist plot, which still implies the fast charge transfer process of the redox 

reaction at the electrode/electrolyte interface. Figure 4.13(B) illustrates the PEIS bode pl ot of the 

device for a frequency range of 10 mHz to 100 kHz. The phase angle obtained is -70 0. At a specific 

capacitance of 37  Fg-1. The hi ghest power density atta ined by the device i s 5.6 W kg-1 at a  

corre sponding energy de nsity of 8.9 Wh kg -1. 

 

Figure 4.14(A) repres ents the CV of the supercapacitor device uti lizing electrolyte sample 3e  (PEO 

+ 20 wt. % IL + 10 wt. % LiCl O 4). The scan rate was constant at 50  mV s -1 and the potential was 

carefully vari ed from 0.8  V to 2.3 V. The  maximum operating voltage of the  device was found to 

be 2.3 V. Figure 4.14(B) represents the CV of the EDLC device uti lizing electrolyte sample 3e at a 

constant potenti al of 2.3V a nd varying scan rate from 5mV s -1 to 100mV s -1. The CV curves with a 

maximum potential window of 2.3 V of the EDLC at different scan rates showed quasi-rectangular 

shapes , which is  similar with other e lectrolyte samples. As  the scan rate is increased (up to 100  

mV s -1), a change from the quas i-rectangular shape to a le af-l ike shape occurs. Figure 4.14(C) 

shows the variation of specific capacitance with scan rate for the device with e lectrolyte  sample 
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3e. The specific capacitances of device were approximately 54.9, 41.8, 35 .1, 32.8, 30.4, 27.8 and 

26 F g-1 measured at a  scan rate from 5 , 10, 20, 30, 50 , 75 and 1 00 mV s -1 respectively. The specific 

capacitance decreased as the scan ra te increased indicating a ca pacitance retention of 47.3 % as 

the scan ra te increases. 

 

   

 

Figure 4. 14: (A) CV of ED LC device util izing electrol yte sample 3e at constant scan rate of 

40mVs -1 (B) CV of EDLC device uti lizing electrolyte 3e  at constant potenti al of 1V (C) Variation of 

specific capacitance with scan rate for device with electrolyte sample 3e  

 

  

 

Figure 4. 15: (A) PE IS Nyquist pl ot of EDLC device uti lizing electrolyte sample 3e (B) PEI S bode 

plot of EDLC device util izing electrolyte sample 3e 
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Figure 4.15(A) repres ents the PEIS Nyquist plot for a  frequency range of 10 mHz to 100 kHz  carried 

out on the EDLC device using the as  prepared el ectrolyte sample 3e. The equivalent series 

resista nce, which is the intercept on the Z-axis 26 Ω. As  with the previous  cases, no semicircle was 

observe d i n the Nyquist plot, which s till implies  the fast charge transfer process of the redox 

reaction at the electrode/electrolyte interface. Figure 4.15(B) illustrates the PEIS bode pl ot of the 

device for a frequency ra nge of 10 mH z to 100 kHz. The phase angle obtaine d is -70.4 0. The energy 

density of the device reached a maximum value of 23.2 Wh kg-1 at a specific capacitance of 55 Fg-

1. The hi ghest power density attained by the device i s 10.8 W kg -1 at a  corre sponding energy 

density of 13 Wh kg-1. 
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATION(S) 

 

5.1 Conclusion 

This project w ork has demonstrated a facile way to enhance the ene rgy density of EDLC devices, 

through the  application gel polymer based electrolyte. The use of additives  such a s ionic liquid 

and conducti ng salts with the gel electrolyte, improved the ene rgy density of the supercapacitor 

when compared to a queous ele ctrolyte. The gel polymer electrolyte is  ba sed on methanol, 

polyethylene oxide (PEO), lithium perchlorate (LiClO4) and i onic liquid (IL), tetraethylammonium 

tetrafluoroborate (TEABF4). Polymer electrolyte fi lms of 7 different compositions were prepared 

which are: pristine PEO (1), PEO:10  wt.  % I L (2), PEO:10 w t. %  LiClO4 (3a), PEO:10 w t. %  LiClO4 + 5 

wt. % IL (3b), PEO:10 wt. % LiClO4 + 10 wt. %  IL (3c), PEO:10  wt. % LiClO4 + 15 wt. %  IL (3d) and 

PEO:10 wt. % LiClO4 + 20 wt. %  IL (3e). Supercapacitor devices we re assembled using the  as 

prepared gel polymer electrolytes and el ectrodes made from gra phite (active carbon), chitosan 

based binder and conducting carbon addictive. The  de vices made with e lectrolyte samples 3d 

and 3e  exhibited the most outstanding e lectrochemical performance. The device made with 

electrolyte specimen 3d showed a maximum operating voltage window of 2 V, a  peak capacitance 

of 36.9 F g-1, maximum energy density of 10.3 kWh g-1 and a power density of 5.6 kW/g. The  

device made with electrolyte specimen 3e showed a maximum operating voltage window of 2.3  

V, a peak capacitance of 54.9 Fg-1, maximum energy density of 23.2 kWh g-1 and a power density 

of 10.8 kW/g. Furthermore, the phase angles for the  device made with electrolyte sample 3d was 

-70.00
 while that for the device made wi th electrolyte sample 3e  was -70.40

; these values are close 

to the capacitive ideal of -900. Indeed, gel polymer electrolytes can conveniently serve as an 

alternative for the  re adily used aqueous a nd ionic l iquid el ectrolytes for improved 

electroche mical capacitor a pplications. 
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5.2 Recommendation(s) 

The scope of this work was to e xploring the potential of a PEO-polymer blend e lectrolyte  as  an 

alternative to aqueous a nd ionic l iquid e lectrolytes for electrochemical supercapacitor 

applications. I n the process of cha racterization of the PEO-polymer blend e lectrolyte, only the 

FTIR was employed. Further cha racterization can be carrie d out via te chniques such as x-ray 

diffraction (XRD) to understand the  structural composition and crystalline nature of the 

electrolyte material, scanning e lectron microscopy (SEM) to comprehend the  microstructural 

configuration of the electrolyte material, differe ntial scanning calorime try (DSC) to ascertain the 

thermal stability of the materi al and to determine the operating temperature range. In  addition, 

further electrochemical characterization could be done via the galvanos tatic charge/discharge 

technique so as to determine its cyclability and also to have an i dea of its suitability in real time.  

Furthermore, optimization should be carried out to expand the operating voltage window of the 

device. This is achievable by varying the proportions/ratios of the constitue nts of the electrolytes 

(PEO, LI ClO 4, and IL). The e ffect of th is is that more room would be available for the increment of 

the capacitance and energy de nsity va lue of the device. Ge nerally, even though high power 

densities are attainable with polymer electrolytes, the  equivalent se ries re sis tance of EDLCs  

employing gel polymer electrolytes are still on the high side as evident in lite rature. Attempts and 

further res earch could be geared towards the re duction of the ESR of the  ED LC device to yield 

greater power de nsity. 

 

 

 

 

 

 

 


