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One of the issues recently faced in electrostatic field is storage. With recent advances in this area it has 

become necessary to find an alternative which lead to emergence of supercapacitor. Supercapacitor 

shares the same fundamental equations as conventional capacitors; to attain higher capacitances 

supercapacitor uses electrodes having high specific surface area and thinner dielectrics. With these 

properties it makes them have power densities greater than those of batteries and energy density 

greater than those of conventional capacitors. Since supercapacitor is mainly a pulse current device it 

is best used with devices that require high current for short duration of time. Researchers being carried 

out now are on how to improve the energy density so that they can be used in wider range of 

applications. The performance of supercapacitor relies on factors such as electrochemical properties of 

electrode materials used, electrolyte and voltage range. However, most researches are focused on the 

development of new electrode materials that will yield better performances. In this review paper, 

storage principle and characteristics of electrode materials such as carbon based materials, metal 

oxides and conducting polymers in supercapacitors have been reported. 
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1. INTRODUCTION 

The discovery of the possibility of storing an electrical charge in surface arose from 

phenomena associated with rubbing of amber during the ancient times. In the mid eighteen century that 

was when the effect of such phenomena was understood during the period when physics of so-called 

‘’static electricity’’ was being investigated and various ‘’electrical machines’’ were being developed. 

In 1957 a group of General Electric Engineers were experimenting with devices using porous 

carbon electrode when they noticed electric double layer capacitor effect. Their observation at the time 

was that energy was store in the carbon pores and it showed an exceptionally high capacitance. Later 

in 1966, a group of researchers at Standard Oil of Ohio accidently rediscovered the effect while 

working on fuel cell designs. Their cell design was made up of two layers of activated charcoal 

http://www.electrochemsci.org/
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separated by a thin porous insulator, and the mechanical design remained the same for most electric 

double layer capacitors to date. In 1978 NEC finally introduce the term Supercapacitor and its 

application was used to provide backup power for maintaining computer memory [1].  

Due to its application, many researchers delved into supercapacitor which led to trying of other 

composite as electrode material such as Metal Oxides and Conducting Polymer etc. 

Among the challenges faced in this century is unquestionably energy storage. Therefore it is 

important that new, environmentally friendly and low-cost energy storage systems be found, in 

response to the needs of emerging ecological concerns and modern society [2]. 

Supercapacitors (also called electric double-layer capacitors or ultracapacitors) are energy 

storage devices with very high capacity and a low internal resistance, that are able to store and deliver 

energy at relatively higher rates as compared to batteries due to the mechanism of energy storage 

which involves a simple charge separation at the interface between the electrode and the electrolyte [3, 

4]. A supercapacitor consists of two electrodes, an electrolyte, and a separator which isolates the two 

electrodes electrically. Electrode material is the most important component of a supercapacitor [5, 6]. 

Some of the benefits of supercapacitors when compared with other energy storage devices are long 

life, high power, flexible packaging, wide thermal range (-40
o
C to 70

o
C), low maintenance and low 

weight [7]. Supercapacitors can best be utilized in areas that require applications with short load cycle 

and high reliability, for example energy recapture sources such as forklifts, load cranes and electric 

vehicles, power quality improvement [8]. Among the promising applications of supercapacitors is in 

fuel cell vehicles and low emission hybrid vehicles [9, 10]. Supercapacitors with its unique qualities 

when used with batteries or fuel cells they can serve as temporary energy storage devices providing 

high power capability to store energy from braking [11, 12]. 

Due to its high power capability a bank of supercapacitors, can bridge the short time duration 

between a power failure and the start up of backup power generators. Even though energy density of 

supercapacitor is greater than that of conventional capacitors; it is considerably lower than batteries or 

fuel cells. Electrochemical performances of an electrode material strongly rely on factors like surface 

area, electrical conductivity, wetting of electrode and permeability of electrolyte solutions [13]. 

Passive components are required in all electronic applications to store electrical energy in 

volume and weigh as small as possible. The power needed by an application as well as the speed of 

storage process determines the type of energy storage device to be used. 

Essentially, when it comes to applications the ones that need faster discharge rate go for 

capacitor while the slower ones go for batteries. From figure 1, it can be seen that a batteries are 

capable of attaining up to 150 Wh/kg of energy density, around 10 times what an electrochemical 

capacitor is capable of. In terms of power density batteries don’t have the capability of reaching the 

values of electrochemical capacitors. Batteries hardly reach 200 W/kg which is about 20 times less 

than the expected electrochemical capacitor performance. Batteries experience weaknesses like rapid 

decrease in performances due to fast charge discharge cycles or cold environmental temperature, they 

are expensive to maintain and have a limited life time [14]. 
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Figure 1. Specific Energy Vs Specific Power plot for various energy storage devices. 

 

In general, considering energy storage mechanism, supercapacitors are grouped into three (3) 

different categories. The first being electrical double layer capacitor (EDLC), in this group capacitance 

is achieved due to pure electrostatic charge accumulated on the electrode electrolyte interface, this 

group strongly relies on electrode surface area that is available to electrolyte ions. Second is the 

pseudocapacitor, in this case a fast and reversible faradic process take place due to electro active 

species [15, 16]. The third group is hybrid which combines the properties of both EDLC and 

Pseudocapacitors. Selection of electrode material is of paramount importance in supercapacitors as it 

determines the electrical properties [17]. Double layer charge storage is a surface process therefore 

surface property of electrode material greatly influences capacitance of the cell.  

Among the challenges faced by supercapacitors include low energy density, production cost, 

low voltage per cell and high self discharge. One of most intensive approaches of overcoming the 

obstacle of low energy density is by developing new electrode materials for supercapacitors.   

Most popular today are carbon materials, metal oxides and conducting polymers are used as 

electrode materials. From the beginning of supercapacitor fabrication carbon materials have been used 

due to their high surface area. Metal oxides offer attractive options as electrode material due to high 

specific capacitance and low resistance, making it easier to construct high energy and power 

supercapacitors. In the case of conducting polymers reduction-oxidation process is used to store and 

release charge [18]. 

One of the frequently asked question is how can the electrochemical supercapacitor technology 

compare to the battery technology? At the moment, these supercapacitors cannot be used to substitute 

for the battery technology but could work as a supplement in terms of momentary and temporary 

power outage by providing instantaneous current required thereby reducing battery current. In large 

scale battery units, electrochemical supercapacitors can be installed in parallel to compensate for 
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momentary and temporary interruptions. This would greatly repress the undue stress put on batteries 

from short term interruptions [19]. 

Currently, all the researches focused on supercapacitors are on how to improve the energy 

density while maintaining high power density, fast charge/discharge and cycling stability [20, 21]. The 

storage principle and characteristics of different electrode materials in supacapacitor have been 

reviewed and presented in this paper. This paper is organised as follows: Section 1 consists of the 

introduction of supercapacitors. Section 2 describes the different types of supercapacitors in terms of 

energy storage mechanism. Different types of electrode fabrication materials like Activated Carbons, 

Carbon Nano tubes, graphene, Ruthenium oxide, Nickel Oxide, Manganese Oxide and Polyaniline 

have been presented in section 3. Section 4 consists of nano composite materials obtained by 

combining carbon materials with either metal oxides or conducting polymers. Finally, in the section 5 

and 6 consists of conclusion and future works respectively.   

 

 

 

2. ENERGY STORAGE MECHANISM 

The principle of operation of supercapacitor is based on energy storage and distribution of the 

ions coming from the electrolyte to surface area of the electrodes. Based on the energy storage 

mechanism supercapacitors are classified into three classes: Electrochemical double-layer capacitors, 

pseudocapacitors, and hybrid supercapacitors as shown in figure 2 below.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 2. Taxonomy of supercapacitors. 
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2.1. Electrochemical double layer capacitors (EDLCs) 

EDLCs are constructed using two carbon based materials as electrodes, an electrolyte and a 

separator. EDLCs can either store charge electrostatically or via non faradic process, which involves 

no transfer of charge between electrode and the electrolyte [22, 23]. The principle of energy storage 

used by EDLCs is the electrochemical double layer. When voltage is applied, there is an accumulation 

of charge on electrode surfaces, due to the difference in potential there is an attraction of opposite 

charges, these results to ions in electrolyte diffusing over the separator and onto pores of the opposite 

charged electrode. To avoid recombination of ions at electrodes a double layer of charge is formed. 

The double layer, combined with the increase in specific surface area and distances between electrodes 

decreased, allows EDLCs to attain higher energy density [24, 25]. 

Additionally, due to the EDLCs storage mechanism this allows for very fast energy uptake, 

delivery and better power performance. Due to non-faradic process, that is no chemical reaction. It 

eliminates swelling observed in active material which batteries demonstrate during charging and 

discharging. A few differences between EDLCs and batteries can be noticed as (i) EDLCs can 

withstand millions of cycles unlike batteries that can withstand few thousands at best. (ii) Charge 

storage mechanism does not involve solvent of the electrolyte; in Li-ion batteries it contributes to solid 

electrolyte inter phase when high-potential cathodes are used or graphite anodes [26, 27]. However, 

due to the electrostatic surface charging mechanism, EDLCs devices experience a limited energy 

density, which is why today’s EDLCs research is mainly focused on increasing energy performance 

and improving temperature range where batteries cannot operate. Performance of EDLC can be 

adjusted depending on the type of electrolyte used. 

 

2.2. Pseudocapacitors 

Compared to EDLCs, that store charge electro-statically. Pseudocapacitors store charge via 

faradic process which involves the transfer of charge between electrode and electrolyte [28]. When a 

potential is applied to a pseudocapacitor reduction and oxidation takes place on the electrode material, 

which involves the passage of charge across the double layer, resulting in faradic current passing 

through the supercapacitor cell. The faradic process involved in pseudocapacitors allows them to 

achieve greater specific capacitance and energy densities compared to EDLCs. Examples are metal 

oxides, conducting polymers. Which leads to interest in these materials but due the faradic nature, it 

involves reduction-oxidation reaction just like in the case of batteries; hence they also suffer lack of 

stability during cycling and low power density [29-31]. 

 

2.3. Hybrid 

As we have seen EDLCs offer good cyclic stability, good power performance while in the case 

of pseudo capacitance it offers greater specific capacitance. In the case of hybrid system it offers a 

combination of both, that is by combining the energy source of battery-like electrode, with a power 

source of capacitor-like electrode in the same cell [32, 33]. With a correct electrode combination it is 
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possible to increase the cell voltage, which in turn leads to an improvement in energy and power 

densities. 

Several combinations have been tested in the past with both positive and negative electrodes in 

aqueous and inorganic electrolytes. Generally, the faradic electrode results in an increase of energy 

density at the cost of cyclic stability, which is the main drawback of hybrid devices compared to 

EDLCs, it is imperative to avoid turning a good supercapacitor into an ordinary battery [34]. Currently, 

researchers have focused on the three different types of hybrid supercapacitors, which can be 

distinguished by their electrode configurations: Composite, Asymmetric and Battery-type. 

 

2.3.1 Composite 

Composite electrodes combines carbon based materials with either metal oxides or conducting 

polymer in a single electrode, this means a single electrode will have both physical and chemical 

charge storage mechanisms. Carbon based materials offer capacitive double-layer of charge and high 

specific surface area which increases the contact between pseudocapacitive materials and electrolyte. 

Through Faradaic reaction, pseudocapacitive material increases capacitance in composite electrode 

[24]. Currently there are two different types of compsites: Binary and Ternary composites. Binary 

composites involves the use of two different electrode materials, while in the case of ternary it uses 

three different electrode materials to form single electrode. 

 

2.3.2 Asymmetric 

Asymmetric hybrids combine Non faradic and Faradic processes by coupling and EDLC with a 

Psuedocapacitor electrode. They are set up in a way that the carbon material is used as a negative 

electrode while either metal oxide or conducting polymer as positive electrode [24]. 

 

2.3.3 Battery Type 

Battery type hybrid combines two different electrodes, like in the case of asymmetric hybrids 

but in this case they are made up by combining a supercapacitor electrode with battery electrode. This 

configuration was set up so as to utilize both properties of supercapacitors and batteries in one cell 

[24]. 

 

3. ELECTRODE MATERIALS 

Among the parameters that rely on the type of electrode materials used in supercapacitors are 

capacitance and charge storage.  

 

3.1. Carbon materials 

Carbon materials in their various forms are the most used electrode materials in the fabrication 

of supercapacitors. Reasons are due to its (i) high surface area (ii) low cost (iii) availability (iv) 
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established electrode production technologies. The storage mechanism used by carbon materials is 

electrochemical double layer formed at the interface between the electrode and electrolyte. Hence, the 

capacitance mainly relies on the surface area accessible to electrolyte ions. Important factors which 

influence electrochemical performance are specific surface area, pore shape and structure, pore size 

distribution, surface functionality and electrical conductivity [35-37]. Having a high specific surface 

area in the case of carbon materials, results in a high capability for charge accumulation at the interface 

of electrode and electrolyte. When improving specific capacitance for carbon materials, apart from 

pore size and high specific surface area, surface functionalization must be considered. Examples of 

carbon materials used as electrode materials are activated carbon, carbon aerogels, carbon nanotubes, 

graphene etc. 

 

3.1.1 Activated carbon (AC) 

The most widely used electrode material is AC and that is due to its large surface area, good 

electrical properties and moderate cost [38]. AC can be produced by either physical or chemical 

activation from various types of carbonaceous materials (e.g. wood, coal nutshell etc.). The physical 

activation involves the treatment of carbon precursors at a high temperature (700-1200 
o
C) in the 

presence of oxidizing gases like steam, CO2 and air. In the case of chemical activation it is carried out 

at a lower temperature (400-700 
o
C) using activating agents such as sodium hydroxide, potassium 

hydroxide, zinc chloride and phosphoric acid [39]. Depending on the activation methods and the 

carbon precursors used, AC possess numerous physiochemical properties with well developed surface 

areas of up to 3000 m
2
/g. Porous structure of AC obtained using activation processes had a broad pore 

size distribution that consists of micropores (<2 nm), mesopores (2–50 nm) and macropores (>50 nm) 

[40]. 

Numerous researchers have tested the relationship between specific capacitance and specific 

surface area (SSA) of AC and it seems there is a discrepancy between them. Having a high SSA of 

around 3000m
2
/g, a relatively small capacitance was obtained. This shows not all pores are effective 

during charge accumulation. Hence, even though the SSA in EDLC is an important parameter when it 

comes to performance, some other aspects are also considered in carbon materials that influence 

electrochemical performance to great extent like pore size distribution [41, 42]. Additionally, excessive 

activation results in large pore volume, which in turn leads to drawbacks like low conductivity and 

material density, which will lead to a low energy density and loss of power capability. 

Efforts have been made to see the effect of different electrolytes on the capacitance 

performance of AC. It was observed that the capacitance of AC is higher in aqueous electrolytes 

(ranging from 100 F/g to 300 F/g) as compared to organic electrolytes (<150 F/g) [10].   

 

3.1.2 Carbon nanotubes (CNT) 

With the discovery of CNT there has been a significant advancement in the science and 

engineering of carbon materials. The factor that determines the power density in a supercapacitor is the 
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overall resistance of the components. A great deal of attention is been given to CNT as supercapacitor 

electrode material due to its unique pore structure, good mechanical and thermal stability and superior 

electrical properties [43-45]. Carbon nanotubes are produced via catalytic decomposition of some 

hydrocarbons and byy carefully manipulating different parameters, it becomes possible to generate 

nano structures in various conformations and also control their crystalline structure [39]. carbon 

nanotube unlike other carbon based electrodes, have mesopores that are interconnected, this allows for 

a continuous charge distribution that utilizes almost all of the accessible surface area. CNTs have a 

lower ESR than activated carbon because the electrolyte ions can diffuse into the mesoporous network 

[24]. 

CNT can be categorized as single-walled carbon nanotubes (SWCNTs) or multi-walled carbon 

nanotubes (MWCNTs), both are generally explored as supercapacitor electrode materials [46]. When it 

comes to high power electrode materials CNT are regarded due to their good electrical conductivity 

and readily accessible surface area. Additionally, they provide a good support for active materials due 

to their high mechanical resilience and open tubular network. Generally, CNT have small SSA (<500 

m
2
/g) which in turns leads to a low energy density as compared to AC. CNT can be chemically 

activated with potassium hydroxide, in order to improve its specific capacitance. The above method 

can substantially lead to an increase in the surface area of CNT (by a factor two to three times) and still 

maintain its nanotubular morphology [39]. 

 

3.1.3 Graphene 

Graphene has enjoyed significant recent attention [47]. Graphene a one atom thick layer 2D 

structure has emerged as a unique carbon material that has potential for energy storage device 

applications because of its superb characteristics of high electrical conductivity, chemical stability, and 

large surface area [48-50]. Recently, it was proposed that graphene can be used as a material for 

supercapacitor applications, because when graphene is used as supercapacitor electrode material it 

doesn’t depend on the distribution of pores at solid state, as compared to other carbon materials such as 

activated carbon, carbon nanotube etc [51, 52]. 

Among all carbon materials used as electrode materials electrochemical double layer 

capacitors, newly developed graphene has higher specific surface area (SSA) around 2630m
2
/g [53, 

54]. If the entire SSA is fully utilized graphene is capable of achieving a capacitance of up to 550 F/g 

[48]. Another benefit of using graphene as electrode material is that both major surfaces of graphene 

sheet are exterior and are readily accessible by electrolyte. There are many different methods currently 

being researched for the production of different types of graphene such as chemical vapour deposition, 

micromechanical exfoliation, arch discharge method, unzipping of CNTs, epitaxial growth, 

electrochemical and chemical methods and intercalation methods in graphite [55-58].   

In order to utilize the highest intrinsic surface capacitance and specific surface area of single-

layer graphene measures were taken to prevent graphene sheets from restacking themselves during all 

phases of graphene preparation and subsequent electrode production procedures, these can be ensured 

by preparing curved graphene sheets and that will not restack face to face. Energy density of 85.6 
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Wh/kg at room temperature and 136 Wh/kg at 80 °C measured at a current density of 1 A/g were 

obtained. The energy densities obtained can be compared to that of the Ni metal hydride battery [48]. 

There are various methods of obtaining graphene from graphite. Chemically modified graphene 

(CMG) was obtained and it was tested on both aqueous and organic electrolyte and capacitances of 

135 and 99 F/g was yielded respectively [2]. Graphene suffers agglomeration that is it tends to restack 

back to graphite. Graphene material used in supercapacitor electrodes yielded a high capacitance of 

205 F/g at 1.0 V using an aqueous electrolyte, having an energy density of 28.5 Wh/kg, the results 

obtained are significantly higher than those of carbon based supercapacitors electrode. The experiment 

involved a single layered graphene oxide sheet reduced via gas-based hydrazine at room temperature. 

Graphene obtained from this method had a lesser degree of agglomeration compared to chemically 

modified graphene prepared using aqueous solution [6]. To find a more a suitable method for using 

graphene as supercapacitor electrode material, three different methods were researched. The first 

method was thermal exfoliation of graphitic oxide, in the second method graphene was obtained by 

heating nano-diamond at 1650 
o
C in a helium atmosphere, and in the last method camphor was 

decomposition over nickel nano-particles. Highest specific capacitance of 117F/g and an energy 

density of 31.9 Wh/kg were obtained from thermal exfoliation of graphitic oxide [59]. Among the 

applications of supercapacitors is in the area of high power applications, hence it’s important to 

produce supercapacitors with high specific capacitance and fast charging time at high current density. 

Such was possible by synthesizing grapheme from modified hummer’s method and tip sonication. 

Different charging current were experimented on 2.5 A/g, 5 A/g to 7.5 A/g. Even at a high current of 

7.5 A/g the energy and power density obtained were 58.25 Wh/kg and 13.12 kW/kg respectively, thus 

making it possible to be used for electric vehicle applications [60]. Chemical exfoliation of graphene is 

done at a high temperature. A novel approach was researched which uses low temperature for 

exfoliation of graphene, due to the unique surface chemistry that was exhibited by low temperature 

exfoliated graphene showed good energy storage performance, capacitance obtained is higher 

compared to high temperature exfoliated graphene [61]. Several methods are being researched on how 

to reduce the issue of agglomeration and restacking facing graphene. Highly corrugated grapehene 

sheets were synthesized by thermal reduction of graphite oxide at a high temperature followed by rapid 

cooling using liquid nitrogen. A high specific capacitance of 349 F/g was obtained [62]. 

 

3.2. Metal oxide 

Metal oxides present another alternative for materials used in electrodes fabrication in 

supercapacitor because they exhibit high specific capacitance and low resistance, making it simpler to 

construct supercapacitors with high energy and power. The commonly used metal oxides are nickel 

oxide (NiO), ruthenium dioxide (RuO2), manganese oxide (MnO2), iridium oxide (IrO2). The lower 

cost of production and use of a milder electrolyte make them a feasible alternative [63-65]. 
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3.2.1 Ruthenium oxide (RuO2) 

RuO2 in both amorphous and crystalline forms is essentially important in both theoretical as 

well as practical purposes, due to its unique combination of characteristics, like catalytic activities, 

metallic conductivity, electrochemical reduction-oxidation properties, high chemical and thermal 

stability and field emitting behaviour. Having these properties RuO2 finds way in various applications 

such as, electronic applications, thick or thin resistors, ferroelectric films and integrated circuit 

development. The most recent application of RuO2 is as an electrode material in supercapacitors [66]. 

Among the many metal oxide that are used as electrode materials e.g RuOx, NiOx and IrOx.  

RuO2 has had the most success given its advantages of long cycle life, wide potential window of high 

specific capacitance, highly reversible reduction-oxidation reaction, and metallic type conductivity. 

For supercapacitor application RuO2 was electrochemically produced using electrodeposition method. 

The resulting electrodes were stable for large number of cycles yielding a specific capacitance of 498 

F/g at a scan rate of 5mV/s [67]. 

 

3.2.2 Nickel oxide 

Nickel oxide is among the promising electrode material for supercapacitor because of its 

environmental friendliness, easy synthesis and low cost. Among the benefits of electrochemical 

strategy include reliability, simplicity, accuracy, low cost and versatility. Using electrochemical 

strategy nickel hydroxide was transformed into nickel oxide.. The resulting method produced an ultra 

high specific capacitance of 1478 F/g in 1 M KOH aqueous solution electrolyte [68]. 

 

3.3.3 Manganese oxide 

Recently, manganese oxide has attracted a lot of research interest because of its unique physical 

and chemical properties with a wide range of applications in ion exchange, catalysis, biosensor, energy 

storage and molecular adsorption. A special interest is given to manganese dioxide MnO2 as an 

electrode material for supercapacitors due to its low cost, excellent capacitive performance in aqueous 

electrolytes and environmental benignity [69-72]. 

 

3.3 Conducting polymers 

Different conducting polymers have been widely researched as supercapacitor electrode 

material due to easy production and low cost [73]. Conducting polymers have a relatively high 

conductivity and capacitance and equivalent series resistance when compared with carbon based 

electrode materials. There are different electrode configurations that can be used for conducting 

polymers, the n/p type configuration, having one negatively charged (n-doped) and one positively 

charged (p-doped) electrodes, offers a high energy and densities, although due to lack of n-doped 

conducting polymer electrode materials have limited psuedocapacitors from reaching their potential 

[24]. 



Int. J. Electrochem. Sci., Vol. 11, 2016 

  

10638 

In conducting polymers reduction-oxidation process is used to store and release charge. If 

oxidation occurs also known as doping, ions are been transferred to the polymer back bone. If 

reduction occurs also known as de-doping, in that case ions are released back into the solution [18]. 

Due to the reduction-oxidation in conducting polymers these causes a mechanical stress which in turn 

limits the stability through many charge-discharge cycles [74]. 

 

3.3.1 Polyaniline (PANI) 

Considering the different types of conducting polymer, PANI is considered as the most 

promising supercapacitor electrode material because of its high conductivity, easy synthesis, excellent 

capacity for energy storage and low cost [75]. However, due to repetitive cycles (charge/discharge 

process) swelling and shrinkage, PANI is susceptible to rapid degradation in performance. To avoid 

this limitation, combining PANI with carbon materials has proved to reinforce the stability of PANI as 

well as maximize the capacitance value [76, 77]. 

 

 

4. NANO COMPOSITES BASED ELECTRODE MATERIALS 

Composite electrodes integrate carbon based material with either metal oxide or conducting 

polymer materials, which in turn offers both physical and chemical charge storage mechanism together 

in a single electrode [78]. 

 

4.1 Carbon-Carbon composites 

In carbon materials a high capacitance is obtained based on the effective specific surface area 

(SSA) that is accessible to the electrolyte ions. By enhancing the effective SSA in carbon materials this 

will lead to a higher energy and power density in supercapacitor. Graphene faces dispersion problem, 

to come up with a solution non-covalent functionalized graphene was prepared [79]. One of the 

disadvantages of using chemical reduction of graphene oxide is that it tends to aggregate and restack 

through van der Waals interactions during the reduction process, hence making surface area less 

accessible to electrolyte. In order to avoid the restacking is to use single walled carbon nanotubes 

(SWCNT) as spacers. By inserting CNTs leads to creation of intra-pores for the electrolyte. A 

capacitance of 261 F/g and energy density of 123Wh/kg were obtained for the graphene 

supercapacitors at potential 3.7 V using ionic liquid electrolyte [80]. 

 

4.2 Carbon-Metal oxides composites 

A research was carried out were a comparison was made between CNT, pure MnO2 and a 

composite of MnO2/CNT. The composite was prepared using simple hydrothermal treatment. The 

MnO2/CNT nanocomposite electrode exhibited a higher specific capacitance and rate capability 

compared to CNT and pure MnO2 electrodes. High specific capacitance obtained in the composite can 
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be attributed to high porous structure and high specific surface area of MnO2 [69]. An assemtric 

supercapacitor was was assembled using graphene and MnO2. The prepared composite of MnO2-

coated/graphene was used cathode while pure graphene was used as anode. The process of electro-

activation was used on graphene electrode, and a capacitance of 245 F/g at a charging current of 1 mA 

was obtained. When MnO2 was deposited the capacitance increased to 328 F/g at same charging 

current, an energy density of 11.4 Wh/kg and a power density of 25.8 kW/kg was obtained [81].  

Among the benefits of CNT is their ability to have their surface functionalized by metal oxide, 

polymers or oxidizing to overcome the presence of some impurities. A research was carried out using 

CNT/MnO2, certain observations were made, the first was vertically aligned CNTs had a higher 

capacitance as compared to random ones, this shows that morphology affects capacitance significantly. 

Secondly, water plasma treatment was used on the surface and it was observed that it gave higher 

results due to clearer and larger active surface of nanotubes. Lastly, with the addition of MnO2 via 

electrochemical deposition technique yielded highest specific capacitance of 475 F/g was obtained 

[82]. Another research was carried out using a composite of molybdenum sulfide (MoS2) with reduced 

graphene oxide (rGO). The composite was obtained using a simple process of one pot hydrothermal. 

The resultant composite yielded a specific capacitance of 253 F/g at a current density of 1 A/g with a 

good cycling stability [83]. 

Activated carbon having good properties such as large surface area, good electrical properties 

and moderate cost was used in this experiment. Three different metal oxides Nickle (Ni), Cobalt (Co) 

and Manganese (Mn) where used to see which combination will produce highest specific capacitance. 

In this work AC was used as anode and a combination of two of the metal oxides as cathode. The 

degree of inversion was varied by a factor 0.2 to see the effect it will have on performance. 12 different 

samples were prepared and the highest specific capacitance was 78 Fg
-1

 from (Mn0.6Co0.4) and this was 

due to large pores that were observed from the SEM images which allowed easy diffusion of 

electrolyte and the minimum value was 5Fg
-1

 for (Mn0.8Co0.2) because the sample showed non uniform 

crystalline image with hairy surface which made it difficult for electrolyte to pass [84]. 

 

4.3 Carbon-Conducting polymer composites 

A high SSA (1976 m
2
/g), narrow pore size distribution (<3nm) and short diffusion length were 

obtained when activated carbon was synthesized from carbonization of PANI and then subsequently 

activated with KOH. The resulting composite exhibited excellent performances. A high specific 

capacitance of 455 F/g in 6M KOH was obtained. Graphene was further added to PANI and after 2000 

cycles there was an increase in specific capacitance retention ration from 88.7% to 94.6% [85]. 

Conventional polymer like Poly (3-methylthiophene) pMeT was chosen because it can be easily 

produced from low cost commercial monomer. Although, the pMeT application in the n/p type 

supercapacitors cannot be envisioned, mainly because a high polymer content in the composite, such 

as 80%, is not viable for the negative electrode. A hybrid configuration of pMeT and activated carbon 

as positive and negative electrodes respectively yielded a supercapacitor with better performance and 

cost as compared to double-layer carbon supercapacitors [86]. A research was carried out involving a 

composite of GNS/PANI. The composite was synthesized using in situ polymerization, due to the 
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presence of GNS in the composite provided a high conductivity as well as relatively large area where 

the PANI particles were deposited. A high specific capacitance of 1046 F/g at 1mV/s was obtained 

with energy density of 39Wh/kg and power density of 70kW/kg [87]. Three different composites 

where synthesized using in situ polymerization, involving graphene nansheet/carbon 

nanotube/polyaniline (GNS/CNT/PANI). The highest specific capacitance was recorded for 

GNS/PANI with 1046 F/g, then GNS/CNT/PANI with 1035 F/g and CNT/PANI with 780 F/g. After 

1000 cycles the capacitance decreases only 6% for GNS/CNT/PANI, 52% GNS/PANI and 67% for 

CNT/PANI [88].  

 

5. RECOMMENDATIONS AND OBSERVATIONS 

 As it can be seen from the reported paper, supercapacitors still have a long way to go in 

order for them to replace batteries. 

 Current supercapacitors in the market can be used for applications that require a 

combination of high power delivery for a short time, high cycling stability, short charging time and 

long shelf life. 

 Discovery of graphene opened a lot of doors in the research of supercapacitors. 

 The way forward in the fabrication of supercapacitors should pay more effort in the area 

of improving hybrid supercapacitors. 

 Find a more efficient method of reducing equivalent series resistance and optimization 

of electrolytes. 

 Work on better methods that will curb the issue of self discharge in supercapacitors. 

 Research on simpler and less cost effective methods for the synthesis of graphene. 

 

6. CONCLUSIONS 

With the invention of supercapacitors an important alternative energy storage device emerged 

offering high electrochemical properties, high power density and good stability. As it was reported 

supercapacitors have the quality that makes them suited for a number of applications including being 

able to compliment the strengths of batteries, used in electric vehicles hybrid power systems and 

emergency power supplies. As it can be seen from the review presented here, there is still room for 

improvement in the design and fabrication of supercapacitors for them to able to be used in more 

applications needing high energy density. Researchers are still focusing on the different electrode 

materials like carbon materials, metal oxide and conducting polymers. With carbon materials, a high 

specific surface area and rational pore distribution were achieved, even though their capacitances and 

energy density are still low. Conducting polymers show high specific capacitance, but the major 

challenges faced are their swelling and shrinking when charging and discharging, leading to short 

lifetime. In the case of metal oxides, they also posses high specific surface area and favor diffusion of 

ions onto the bulk of material. With the discovery of graphene as electrode material for supercapacitor, 

it has opened a lot of research opportunities being carried out. Future work efforts should focus more 

on the effect graphene might have on other electrode materials, which is by combining it with either 

metal oxides or conducting polymers to form composites. In doing so it can minimize particle size, 
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induce porosity, enhance specific surface area, prevent particles from agglomerating, expanding active 

sites, improving cycling stability and providing extra pseudocapacitance. Now researchers are focused 

on ternary composite which has been reported.  
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