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Supercapacitors are energy storage devices emerging as one of the promising energy storage devices in 

the future energy technology. In this perspective, rapid progress is made in the development of 

fundamental and applied aspects of supercapacitors. Various techniques have been developed 

specifically to estimate the specific capacitance. Numerous efforts were made in the literature to 

increase the specific capacitance value of the electrode materials. The electrode materials which have 

unique structural and electrochemical capacitance properties, such as high capacity and cyclic stability 

showed great supercapacitors performances. Recently, there are much new types of electrode materials 

were developed to play an important role in the capacitance behavior. In this review, we focused on the 

applications of various nanostructured electrode materials like carbon nanomaterials, metal oxides and 

conducting polymer towards highly efficient supercapacitors.  
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1. INTRODUCTION 

Increasing demand in the need of global-energy drives the development of alternative or non- 

conventional energy sources with high power and energy densities [1]. Batteries, fuel cells and 

supercapacitors are typical non-conventional energy devices which are based on the principle of 

electrochemical energy conversion. They find widespread applications in consumer electronics ranging 

from mobile phones, laptops, digital cameras, emergency doors and hybrid vehicles etc. [2]. In these 

devices, chemical energy is converted in to electrical energy by means of electrochemical reactions. As 

http://www.electrochemsci.org/
mailto:smchen78@ms15.hinet.net


Int. J. Electrochem. Sci., Vol. 9, 2014 

  

4073 

far the fuel cells are concerned, as long as the fuel is fed, electrical energy can be obtained. In case of 

batteries, the stored energy can be drawn at the time of need. Supercapacitor is a typical energy storage 

device (similar to secondary battery) which possess high specific capacitance, high power density and 

long cycle life [3].  Supercapacitors can be used in combination with batteries to meet the start-up 

power, usually high power density. Depending on the mode of energy storage in supercapacitors, they 

are classified as in to electrical double layer capacitors (EDLC) and pseudo-capacitors or ultra 

capacitors [4]. Charge accumulation at the vicinity of electrode/electrolyte occurs in the case of 

electrical double layer capacitor (EDLC), whereas charge transfer across the electrode/electrolyte 

interface takes place in the latter case [5]. On the one hand, EDLC offer high power density than the 

redox capacitors due to the large charge accumulation. On the other hand, the redox capacitors offer 

high energy density due to large potential window than the EDLC. 

The major classes of active electrode materials used for the supercapacitors such as, activated 

nanoporous carbon [6], carbon aerogel [7], carbon nanosheets [8], carbon nanotubes [9], conducting 

polymers [10], metal oxides [11] and polymer composites [12,13,14] have been extensively examined 

and reported in literature till date. Conducting polymer is one of the promising electrode materials for 

the supercapacitors applications. It gives large number of charge/discharge cycles and exhibits high 

specific capacitance properties. For instance, polyaniline, polythiophene, poly-(3,4-

ethylenedioxythiophene) and polypyrrole are the major polymers employed for the supercapacitors 

applications. Recently, graphene modified electrodes such as graphene-MnO2 [15], graphene-ZnO 

[16], exfoliated graphite-RuO2 [17] and graphene-CNT [18] composites were used as energy storage 

devices for the supercapacitors applications. 

 

 

 

2. CLASSIFICATIONS OF SUPERCAPACITORS 

Generally supercapacitors are classified into the following two types: 

 

 
 

Figure 1. Schematic representation of electrochemical supercapacitors 
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2.1. Electrical double-layer capacitor  

It is a combination of two carbon based electrode materials separated by an insulator (shown in 

Fig.1). It stores the energy charge by non-faradaic manner and there is no charge transfer at electrode-

electrolyte interface. Carbon nanomaterials are unique structures with large surface area, high 

chemical, mechanical stability and excellent electrical conductivity. 

 

2.2. Pseudo-capacitors  

Pseudo-capacitors electrostatically store the charge and the faradaic charge transfer occurs at 

electrode-electrolyte interface. It has high specific capacitance and high energy density than the 

electrical double layer capacitance. Transition metal oxides [19, 20] and conducting polymers [21, 10, 

22] are good examples of pseudo-capacitors or redox capacitors. RuO2 stands as best electrode 

material for the pseudo-capacitor applications than the other metal oxides. 

 

 

 

3. DIFFERENT TECHNIQUES FOR THE ANALYSIS OF SUPERCAPACITORS 

Cyclic voltammetry, Galvanostatic charge/discharge and Electrochemical Impedance methods 

are the important techniques usually employed to analyze the newly fabricated supercapacitors.  

 

3.1. Cyclic voltammetry 

The pseudo-capacitance of metal oxides and conducting polymers has been evaluated by cyclic 

voltammetry (CV) method. CVs were recorded at traditional three electrode system consisting of 

working electrode, counter electrode and reference electrode in appropriate supporting electrolytes at 

various scan rates.  

It can estimate the value of specific capacitance of the particular modified and unmodified 

electrode materials analyzed. The voltammetry responses of synthesized nanomaterials were carried 

out at different scan rates. The specific capacitance performance in various electrolytes (acidic or 

alkaline) were carried out in their corresponding potential range (in volts, V) and recorded at various 

sweep rates (mV s
-1

). It was interpreted that, when the scan rate increases the value of specific 

capacitance decreases and this trend have already been described by Li et al [23]. The following 

equation (1) has been used to calculate the specific capacitance value by using cyclic voltammetry 

method [19, 24, 25]. 

][
2

1
cacv QQ

Vm
C 


  F g

-1
    (1) 

Using the working electrode, the average specific capacitance value can be estimated from 

anodic charge ( aQ ) and cathodic charge ( cQ ) in one cycle of potential sweep, where m is the weight of 

deposited electrode material. 
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Figure 2. (a) Cyclic voltammetry curves of hydrothermally reduced graphene/MnO2-200 electrode at 

different scan rates in 1M Na2SO4 electrolyte; (b) the specific capacitance as a function of 

potential scan rates (Reproduced with permission from ref. [27]). 

 

Liu et al [26] used the voltammetry technique to estimate specific capacitance value. Li et al 

[27] used hydrothermally reduced graphene/MnO2-200 composite electrode by cyclic voltammetry 

technique, which was recorded at various scan rates (5 - 60 mV s
-1

) to estimate the respective 

capacitance values. The authors were reported that lower scan rate exhibited higher capacitance value 

than higher scan rates as shown in fig. 2. 

 

3.2. Pseudo-capacitance examined by charge/discharge method 

The charge/discharge behavior of the electrodes was examined by chronopotentiometry 

method. It was carried out at a supporting electrolyte (acidic or alkaline) between initial potential to 

final potential at a particular current density. From the charge/discharge method, it was observed that 

the charging curves were almost similar to discharging curve, but slightly differs from the initial 

charging time. The average specific capacitance of the deposited electrode materials (carbaneous 

materials, metal oxide and conducting polymer) can be evaluated from the following equation (2) [28-

30]. 
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mV

tI
Ccp




 F g

-1
   (2) 

 

Where, I is the discharging current (A), Δt is the discharging time, ΔV is the discharging 

voltage and m is the mass of active material.  

 

 
Figure 3. Charge/discharge curves of hybrid supercapacitor at different currents (Reproduced with 

permission from ref. [35]). 

 

When both the techniques were compared, (charge-discharge and cyclic voltammetry) specific 

capacitance values were almost reliable. A slight variation in potential observed on the start of the 

discharge curve is due to the IR drop at each half-cycle, which dramatically reduces the power and 

capacity [31]. The charge-discharge behaviors of the active electrode materials were recorded at 

different current densities using current density as one of the parameter [32-34] within an applied 

potential window and appropriate supporting electrolyte. For instance, the galvanostatic charge-

discharge curves of hybrid capacitor were recorded at various current densities like 5 mA, 15 mA and 

25 mA [35] as represented in fig. 3.This technique has been used to study the stability of electrode 

materials. The charge/discharge test of the electrode was carried out up to 1000 cycles and the 

capacitance dropped by only 10 % leading to the interpretation that this type of electrode materials has 

good electrode stability [36]. On the other hand, the electrode material for which the capacitance value 

dropped in the order of 40 to 50 % has rated to be less stable electrodes. 

 

3.3. Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy is one of the techniques, which has been used to 

evaluate the specific capacitance values.  
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Figure 4. Typical electrochemical impedance spectroscopy of the hybrid supercapacitor at different 

applied potentials (Reproduced with permission from ref. [35]). 

 

The Nyquist plots were plotted as Zim versus Zre in acid/alkaline medium using the frequency 

range from higher to lower [35].  A well defined semi-circle region at the high frequency range and a 

straight line appears at a low frequency range measured for both modified and unmodified electrode. 

The diameter of the semi-circle represents the interfacial charge transfer of faradaic resistance (Rct). A 

decrease in faradaic resistance renders the value of power density increases [36]. The electrochemical 

impedance spectroscopy can be used to measure the specific capacitance values from the semi-circle 

region. The plot through 45° phase angle corresponds to the Warburg impedance and it indicates a high 

ion diffusion resistance. 

The specific capacitance value has been evaluated from the following impedance spectroscopy 

equation (3) [37, 38]. When high frequency resistance was applied, which corresponds to the effective 

series resistance (ESR) of the supercapacitor, it showed highest ESR and electrode materials resistance 

and got highest specific capacitance value.  

"2

1




fjm
Cm


  F g

-1
   (3) 

Where mC  denotes the specific capacitance from impedance spectra and Z” imaginary part and 

f  is the frequency; m is the mass of the active electrode materials. Wang et al [35] used the 

electrochemical impedance technique within the cyclic voltammetry potential window (0.6, 0.9, 1.0 

and 1.2 V) in the applied frequency range 10
5
 to 10

-2
 Hz, as shown in fig. 4. 
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4. PARAMETERS IN SUPERCAPACITORS 

4.1 Columbic efficiency ( ) 

It is defined as the ratio of discharging time and charging time and it can be calculated by the 

following equation (4) [39-43].  

 

%100
C

D

t

t
     (4) 

 

Where   is columbic efficiency, Dt  is discharging time (s), Ct  is charging time (s). The 

columbic efficiency is calculated by cyclic stability method, by comparing the first and the end cycle. 

Khomenko et al [44] have discussed about the specific capacitance and its columbic efficiency. Here, 

as the specific capacitance value increases, the columbic efficiency decreases up to applied higher 

voltage (2V). 

 

4.2. Power density (P) and Energy density (E) 

Charge-discharge method is one of the well known methods to analyze the power density and 

energy density values of the supercapacitors. Notably, the energy density of supercapacitor decreases 

with increase in power density and therefore both of them have inverse relationship with each others. 

The energy density and power densities two parameters are very important tools for the investigation 

of electrochemical performance and its electrochemical cells. These kinds of parameters have been 

used to estimate the performance of working electrode materials. Energy density and power density 

were calculated from the following equations (5) and (6) [35, 36]. 

2)(
2

1
VCE       (5) 

t

E
P        (6) 

 

Where C is specific capacitance (F g
-1

), ΔV is potential window (V), t is discharge time (s), E is 

energy density (Wh kg
-1

) and P is power density (KW kg
-1

). 

 

 

 

5. TYPES OF ELECTRODE MATERIALS FOR SUPERCAPACITORS  

Different kind of electrode materials were prepared by different methods, especially 

nanostructured carbon based materials, transition metal oxides and conducting polymers. In the 

literature numerous efforts were made to develop these kinds of functional materials to get maximum 

power density supercapacitors. 
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5.1 Carbon based supercapacitors 

Carbon materials have high surface area and can be used as electrical double layer capacitors. 

Different kinds of carbon materials are commercially available, such as powders, fibres, felts, 

monoliths and foils. The physical and chemical properties of carbon based materials such as single 

walled carbon nanotubes (SWCNT), multiwalled carbon nanotubes (MWCNT), fullerene and graphene 

are usually based on the carbon pore size which is about less than 1 nm. Only a few reviews in the 

literature have reported on the application of carbon based electrode materials in supercapacitor [45-

49]. The activated nanoporous carbon has been used in supercapacitors applications with reported 

specific capacitance value of 240 F g
-1

 [50]. Merino et al [51] used activated carbon nanofibres as 

electrode material, which exhibited specific capacitance of about 60 F g
-1

. Portet et al [52] evaluated 

activated carbon and carbon nanotube mixture in an organic electrolyte, which achieved the specific 

capacitance value of 90 F g
-1

.  Hwang et al [7] reported a specific capacitance value of about 220 F g
-1

. 

Recently graphene based nanocomposite find widespread applications in diverse fields of research 

owing to their outstanding electronic properties. Recently, our research group reported various 

graphene based nanocomposite materials for the applications in sensors, biosensors, solar cells and 

biofuel cells [53-57]. In this way, number of graphene based composite materials were developed for 

the supercapacitors applications and they have shown significantly increased specific capacitances. 

Functionalized graphene sheets were synthesized by thermal exfoliation method and achieved the 

specific capacitance value of 230 F g
-1

 [58]. 

 

5.2. Metal oxides based supercapacitor 

Generally metal oxides have been the mostly employed active electrode materials for the 

supercapacitors applications attributed to their exceptional physic-chemical properties. Various metal 

oxides, such as RuO2, MnO2, V2O5, Fe3O4 and α-Co(OH)2 were aided in supercapacitors applications. 

Among these, amorphous RuO2 is a promising electrode material with excellent electrochemical 

capacitance behavior. Ruthenium oxide has various forms like nanoneedles [59], nano-porous film 

[60] and nanoparticles [61]. Hu et al [62] have synthesized nanotubular array of RuO2. xH2O by 

template method which exhibited a very high capacitance value of about 1300 F g
-1

. Remarkably, 

Hydrous RuO2 prepared by sol-gel method, showed a specific capacitance value of 390 F g
-1 

[63]. 

Similarly, chemically prepared RuO2 exhibits a lowest capacitance value of 50 F g
-1

 [60]. Manganese 

oxide (MnO2) has also been used as an electrode materials for supercapacitor applications. Wang et al 

[64] have prepared α-MnO2 electrode and the electrode surface area of 284 m
2
 g

-1
 was obtained. The 

three-dimensional MnO2 electrode material showed a specific capacitance of 200 F g
-1

. On the other 

hand, amorphous nanostructured MnO2 electrode has been synthesized by the mixing of KMnO4 with 

ethylene glycol under ambient conditions and it shown much stability up to 1200 cycles 250 F g
-1

 of 

capacitance [65]. 2D nanosheets of MnO2 have been prepared by exfoliation-reassembling method [66] 

which achieved the specific capacitance value of about 140-160 F g
-1

 and the cyclic stability of ~93-

99% up to 1000 cycles. 
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5.3. Conducting polymer based supercapacitor 

Conducting polymers are interesting electrode materials for the supercapacitors applications. 

Conducing polymers can make stable double-layer capacitors due to change in their physical structure 

caused by doping/de-doping of ions [67]. Ghennatian et al [68] have prepared self-doped Polyaniline 

nanofibres by reverse pulse voltammetry method and observed the specific capacitance value of about 

480 F g
-1

. Sharma et al [69] reported the synthesis of polypyrrole film with specific capacitance value 

of 400 F g
-1

. Poly(3,4-ethylenedioxythiophene) (PEDOT) has been synthesized by electrochemical 

method and  achieved the specific capacitance of 130 F g
-1

 [70]. Polyaniline has been doped with para-

toluene sulfonic acid by using potentiodynamic method [71]. The specific capacitance value of 405 F 

g
-1

 has been found by both cyclic voltammetry and electrochemical impedance spectroscopy methods. 

 

5.4. Nanocomposites based electrode materials for supercapacitor 

In general, the composite materials consist of the combination of two or more in which each 

individual component exhibit its unique chemical, mechanical and physical properties. Some literature 

have reported the modified electrode (composites) of carbon based material with conducting polymers 

[72] and metal oxides [16] etc. Yan et al [73] have prepared RuO2/MWCNT composite that exhibited 

specific capacitance value of 494 F g
-1

 from cyclic voltammetric method at lowest scan rate of 50 mV 

s
-1

. The same kind of RuO2/Multi-wall carbon nanotube (MWCNT) has been synthesized by Liu and 

co-workers [74] and has maximum specific capacitance value of about 803 ± 72 F g
-1

. Coconut-shell 

carbon/ RuOx(OH)y composite with a specific capacitance value of 250 F g
-1

 has been prepared by 

simple sonication method [75]. Polyaniline/nafion/hydrous RuO2 composite has been prepared by 

chemical method and obtained the reported specific capacitance value of 475 Fg
-1

 [76]. A ternary 

composite of CNT/polypyrrole/MnO2 has been prepared by Sivakkumar and co-workers [77] using in 

situ chemical method. The specific capacitance value of 281 F g
-1

 was obtained and it has excellent 

cyclic stability up to 10,000 cycles with only 12 % drop from the initial capacitance value. Graphene-

MnO2 nanocomposite electrode materials have recently attracted the self-limiting deposition of nano 

MnO2 on the surface of graphene under microwave conditions [78] and reported specific capacitance 

value of 310 F g
-1

 at 2 mV s
-1

. 

 

5.5. Carbon-polymer based composites 

Generally, carbon nanomals are used as an electrical double layer capacitor (EDLC). Instead, 

conducting polymers and metal oxides have been used to test pseudo-capacitance behavior. The 

composites with pseudo-capacitance properties of conducting polymers (polyaniline, polythiophen and 

polypyrrole) were embedded with electrical double layer capacitance properties of carbon 

nanomaterials (carbon fibre, MWCNT, fullerene and graphene). Mesoporous carbon/poly pyrrole 

composite has exhibited specific capacitance value of 487 F g
-1

 [79]. Yang et al [80] demonstrated a 

novel kind of PANI-CNTs composite, which exhibited a specific capacitance value of 163 F g
-1

 at a 

current density of 1 A g
-1

. The other type of in situ polymerization composite of polyaniline/multi-
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walled carbon nanotube showed the highest specific capacitance value of about 560 F g
-1

 [81]. Other 

authors [82] have reported the specific capacitance value of 180 F g
-1

 for polyaniline/porous carbon 

composite electrode materials. Recently, graphene oxide/PANI composite has been evaluated by Wang 

and co-workers [83], the reported specific capacitance value being about 531 F g
-1

. From the above 

polymer composites, only polyaniline/multi-walled carbon nanotube electrode got highest specific 

capacitance value. 

 

5.6. Carbon-metal oxide based composites 

Carbon material has high surface area and regular pore structures, because of which it makes a 

composite material with metal oxides (like RuO2, MnO2 and Fe2O3) very easily, and also it has both 

ionic and electronic conductivity of the electrode surface. The composite electrode materials exhibit 

high energy density and stable power densities. Mitra et al [17] have evaluated the exfoliated graphite-

ruthenium oxide composite by sol-gel method and reported the specific capacitance value of about 176 

F g
-1

. Many authors have prepared carbon based manganese oxide composites like ZnO/carbon aerogel 

[84], MnO2/carbon [85], asymmetric carbon/α-MnO2 [86] and MnO2/CNTs embedded carbon 

nanofiber [87]. The above metal oxide composites have been reported for different specific capacitance 

values, such as 500, 458, 235 and 374 F g
-1

 respectively. Especially, manganese nano flower/carbon 

nanotube array have been synthesized by electrodeposition method and it exhibited specific 

capacitance value of 305 F cm
-3

 [88]. Zinc oxide/reduced graphene oxide composite is one of the novel 

electrode materials for very good capacitive behavior and it is found to have the specific capacitance 

value of 135 F g
-1

 [89]. 

 

5.7. Metal oxide-polymer based composites 

 

 

Figure 5. Cycle life of Co3O4/GNS, Co3O4/GNS-CB (15 wt %) and Co3O4/GNS-CB (40 wt %) 

(Reproduced with permission from ref. [85]). 

 

Incorporation of metal oxides with conducting polymers are called composites. This is to 

improve their electrochemical properties. Among these transition metal oxides, hydrous ruthenium 
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oxide has best electrochemical capacitor properties than others. The electropolymerization of 

polyaniline/titanium oxide nano composite has been conducted by Mujawar and co-workers [90] with 

a specific capacitance value of about 740 F g
-1

. Song et al [76] used the polyaniline/nafion/hydrous 

RuO2 composite electrode to evaluate its specific capacitance behavior and reported maximum specific 

capacitance value of 475 F g
-1

.  Sharma and co-workers [14] found that electrochemically synthesized 

MnO2/Ppy composite electrode exhibited a large specific capacitance value of 620 F g
-1

. PANI/MnO2 

composite has been evaluated by Chen and co-workers [12] who reported the specific capacitance 

value of 80 F g
-1

 and its stable columbic efficiency of about 98 % up to 1000 cycles. 

 

 

 

6. STABILITY OF THE ELECTRODE 

The cyclic stability of the electrode materials is a crucial and important parameter to rank the 

performances of the energy storage applications. Some of the reported literatures [35, 38] are discussed 

about the cyclic stability of electrodes and the loss of capacitance value after prolonged cycles. In fig. 

5, the multiple cycle stability of cobalt/graphene nanosheet [91] was evaluated by cyclic voltammetry 

up to 1000 cycles, where the applied potential range is from -0.1 V to 0.35 V. At the end of 1000 

cycles, Co3O4/GNS-CB (15 wt %) composite electrode retained 89% of its specific capacitance 

validated the excellent stability of the composite film. 

 

 

 

7. CONCLUSIONS 

On the whole, supercapacitors have emerged as an important alternative energy technology 

with superior electrochemical properties, high energy density and good cyclic stability. Due to the high 

surface area, low porosity, high thermal and electrochemical conductivity, carbon materials (CNT, 

MWCNT, carbon nanofibres and activated carbon) have shown greatly improved supercapacitance 

performances. The highest specific capacitance value of activated nanoporous carbon is about 240 F g
-

1
. Though some of the carbon materials exhibited low specific capacitance and high energy density, 

their specific capacitance can be enhanced by the incorporation of metal oxides or conducting 

polymers in the activated carbon electrode materials. Polyaniline/multi-walled carbon nanotubes 

exhibited the highest specific capacitance value of 560 F g
-1

 among all the polymers based 

supercapacitors. ZnO/carbon aerogel achieved the highest specific capacitance value of about 500 F g
-1

 

among all the metal oxides related composites. In conclusion, future efforts should focus on cheap 

electrode materials obtained using simple fabrication processes. 
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