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The porous carbon is synthesised by chemical activation using cork dust bio-waste as carbon source and the 

electrochemical performance of the resulting carbon material is tested in even and uneven weight configuration using a two-

electrode system. The obtained cork dust derived activated carbon (CDAC) shown a unique honeycomb structured 

morphology as confirmed by morphological analysis. X-ray diffraction (XRD) and Raman characterisation revealed the 

graphitic nature of the CDAC. Furthermore, the porous CDAC exhibited high specific surface area (1707 m2/g) and large 

pore volume (2.4 cc/g) with an average pore size of 4 nm. Even weight supercapacitor cell (SC) (positive and negative 

electrode with the same weight) and uneven weight SC cell (weight ratio of positive/negative electrodes:1.2) are assembled 

and tested in 1M TEABF4/AN. Uneven weight SC cell delivers the highest specific capacitance value of 107 F/g at a current 

density of 1 A/g. The uneven weight device shows promising cyclic stability without significant changes in capacitance 

values after 10000 and 5000 charge-discharge cycles at the potential window of 3 V and 3.2 V, respectively. On the 

contrary, a less specific capacitance (87 F/g at a current density of 1 A/g) observed for the even weight SC cell though high-

capacity retention is realised under the same experimental conditions. The enhanced supercapacitor performance of uneven 

weight configuration SC cell is attributed to the weight balancing of the electrode, high graphitic nature, and unique pore 

size distribution with interconnected morphology of CDAC.  
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1 Introduction 
Supercapacitors (SCs) with carbon-based porous 

electrodes are considered as attractive electrochemical 

energy storage systems for many applications1. They 

are often used for delivering high power over a short 

period. However, as compared to conventional 

batteries, the energy density stored in commercial 

carbon-based SCs is very less2. Hence, research 

activities were oriented towards increasing SCs 

energy density mostly by using aqueous and neutral 

electrolyte-based SC cells in view of widening the 

scope of applications that could use these devices. 

The following formula defines the maximum 

energy density of the SC as a function of its 

capacitance (C) and operating voltage, 

E =  
𝐶∗𝑉2

2∗3600
... (2) 

Two strategies were undertaken to improve the 

energy density, i.e., by addressing the inherent ability 

of the active materials by enhancing the operating 

voltage window of the device. In the first strategy, the 

energy density of SCs was increased through pseudo 

faradaic reactions by loading functional groups on the 

surface of porous carbon3–6. The second approach was 

increasing the operating voltage of SCs based on the 

stability of electrolyte’s potential window7. 

1.1 Even and uneven weight SC cell arrangement 

There are two ways to fabricate the uneven weight 

type of SC cell; the first one includes two distinct 

carbon electrodes and the other way has a similar type 

of electrode material with disproportionate weights. 

The first way of fabricating uneven weight type 

SC cell is reported by many authors who used 

two distinct carbons having different textural 

characteristics8,9. The reports mention that the potential 

window of an aqueous electrolyte made SC cell is 

expanded to 1.6 V, while the neutral electrolyte can be 

increased to 2.2 V10–12. Whereas, the second way of 

SC cell fabrication has similar carbon materials 

having disproportionate weights. The second way of 
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fabrication is attractive and economically affordable 

since it needs just one carbon material11,12. Therefore, 

the expense of designing and processing the electrodes 

can be minimised. This method enables the weight 

balancing of positive and negative electrodes to 

maximise the operational potential window of the SC 

cell13. This method has been thoroughly tested in 

aqueous14,15 and neutral based electrolytes12 in which 

the potential window of electrolyte was extended from 

till 2.2 V. Commercially aqueous-based SC cells are 

used for different applications, but it has a lower 

energy density relative to organic electrolyte capacitors 

due to narrow electrochemical potential window. So, 

the industry generally uses organic electrolyte based 

SCs because of its high operating voltage, usually  

between 2.5 V and 2.85 V or above. Commercial 

electrochemical capacitors use an organic electrolyte, 

i.e., 1M organic electrolyte is prepared by solubilizing 

tetraethyl ammonium tetra fluoroborate (1 M TEABF4) 

salt either in acetonitrile (AN) or propylene carbonate 

(PC) organic solvents. The symmetrical (even weight 

of electrodes) double-layer capacitors comprise of 

electrodes containing same active material in equal 

quantities. However, balancing of the electrode weight 

is not the right choice when there is the same size of 

ions in the electrolyte (positive and negative ions) used. 

When the size of the electrolyte ions is different, 

electrode surfaces are not completely occupied by the 

ions if the same weight of the electrodes is used in the 

cell. So, the electrolyte ions are not fully used and 

could not contribute to the EDLC’s overall 

capacitance. For example, in conventional TEABF4 

organic electrolyte, the sizes of the solvated cation 

(TEA+) and anion (BF4
-) are 0.68 nm and 0.48 nm, 

respectively. Since the anion is smaller, the electrode 

surface is occupied completely by these ions. In 

contrast, the surface of the other electrode could not 

occupy by these larger size cations. The excess ions 

(i.e., bigger cations) which could not occupy the 

electrode surface will not contribute to the overall 

capacitance16,17. Hence, fine-tuning electrode weight 

ratio with respect to the ionic size of electrolyte could 

result in ineffective usage of the entire surface of 

electrodes and thereby increases the overall capacitance 

of a super capacitor. The schematic illustration on the 

mechanism of even and uneven weight configuration 

of electrodes in an SC cell is described in Fig. 1.  
 

1.2 Calculation of ion size ratio and electrode weight ratio 

The purpose of this analysis is to establish the 

optimal electrode weight ratio and widen the voltage 

window of the EDLCs to increase the overall 

capacitance. The ratio of ion size and the ratio of 

theoretical electrode weight ratio are dependent on the 

size of hydrated electrolyte ions. The ionic size ratio 

is calculated for an electrolyte with the chemical 

compound form AxBy as: 
 

Ionic size ratio=  ... (2) 

 

where x is the number of ions A in the molecule, y is 

the number of ions B in the molecule, rA is the radius 

of solvated ion A, and rB is the radius of solvated  

ion B. 

The conceptual electrode weight ratio is the reverse 

of the proportion of the ionic size: 
 

Theoretical electrode weight ratio=   ... (3) 

 

The electrode weight ratio of the EDLCs is 

determined as- 
 

Electrode weight ratio =   ... (4) 
 

where w+ is the weight of a positive electrode active 

ingredient and w− the weight of an active ingredient 

in a negative electrode16. 

For instance, several researchers carried out an 

initial investigation of the mass balancing method to 

increase the operating voltage and capacitance of the 

EDLCs using aqueous and neutral electrolyte18–24. In 

the present study, we have attempted to optimize 

electrode weight ratio of each electrode to 

accommodate organic-based electrolyte ions (cations 

and anions) completely during electrochemical cycles, 

so that the energy density and capacitance could be 

increased by utilizing the maximum operational 

voltage window. The electrodes weight is balanced 

according to the size of the electrolyte ions (TEA+ and 

 
 

Fig. 1 — Mechanism of even and uneven weight configuration of 

electrodes in SC cell. 
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BF4- ions) to completely use the surface of both the 

electrodes. Thus, the performance of supercapacitor 

derived from CDAC electrodes in non-aqueous 

`electrolyte system (i.e. 1 M TEABF4/AN) is 

significantly increased to a higher potential window 

(3.2 V) in uneven weight configuration.  

 
2 Experimental  

2.1 Materials preparation 
All the materials were used as such. Cork powder 

waste/cork dust (Advance Cork International, Karol 

Bagh, New Delhi) obtained from cork board was used 

as carbon source. High purity Tetra-ethyl ammonium-

tetrafluoroborate (TEABF4, Sigma-Aldrich, 99%) salt 

is used to prepare organic electrolyte solution by 

dissolving in acetonitrile organic solvent in an argon 

atmosphere. Potassium hydroxide pellets (KOH, 

Fisher Scientific, 80%) was used as a chemical 

activation agent. Conducting activated carbon (YP-

50F, Kuraray) was used to enhance the conductivity 

of the activated carbon. 

 
2.2 Cork derived activated porous carbon as electrode 

material 

Indigenous activated carbon with the high surface 

area was produced by chemical activation of cork dust 

with potassium hydroxide. Initially, cork dust  

(1 Wt.%) was combined with 3 wt.% of chemical 

activation agent potassium hydroxide (KOH) and 

dried for 12 hr. The resulting mixture was activated in 

a tubular furnace 900 oC for 1 hour with a heating rate 

of 5 oC min-1 under nitrogen (N2) atmosphere. Finally, 

the resultant char was cleaned with distilled water and 

1 M HCl solution to leach out K+ ions completely 

from the activated carbon followed by drying at 80 oC 

for 12 hours. 

 
2.3 Material Characterization 

The structural features of carbon were analysed by 

powder X-ray diffraction (MXRD). Micro-area 

powder X-ray diffraction (MXRD) using Cu-K´α 

(λ=1.5406 Å) emission at 2θ range varying from 10o 

to 80o at ambient temperature (MXRD, Smart lab 

micro area X-ray diffractometer, Micromax-007HF, 

Rigaku rapid-II). The degree of graphitization was 

analysed by using Raman spectrometer (Horiba Jobin 

Yvon - Lab Ram HR-800 Micro Raman 

Spectrometer) using an argon-ion laser as a light 

source at an excitation wavelength of 514 nm. 

Textural properties of (surface area, pore volume and 

pore size distribution) of carbon materials were 

measured by Micro Metrics ASAP 2020 analyser 

using BET method25,26. The morphological features of 

the carbon material were analysed by scanning 

electron microscope (FE-SEM, Gemini 500, Zeiss) 

and transmission electron microscope (TECNAI-200 

kV, FEI Netherlands). The elemental composition of 

the obtained carbon material was measured by a 

scanning electron microscope attached to the EDAX 

system (FE-SEM, Gemini 500, Zeiss). X-ray 

photoelectron spectroscopic (Omicron Nano 

Technology, UK) was carried out to analyse oxidation 

states and elemental composition of carbon material. 
 

2.4 Electrochemical analysis  

The electrochemical analysis of weight balanced 

SC cell was performed in a two-electrode 

configuration using 1M tetraethyl ammonium tetra 

fluoroborate in acetonitrile (1M TEABF4/AN) as 

electrolyte. An electrode slurry was prepared by 

adding cork dust derived nanoporous activated 

carbons, carbon black and PTFE (poly tetra fluoro 

ethylene) in the weight ratio of 80:10:10 w/w/w, 

respectively in ethanol to form a gel-like texture. 

Then the material was rolled on to form a free-

standing electrode with intermittent addition of 

ethanol and later it was calendared on carbon-coated 

aluminium foil at 120 °C. The electrodes made were 

vacuum dried at 80 °C for 12 h followed by sintering 

into 12 mm diameter circular shape. The sintered 

electrodes were stacked together in even and uneven 

weight configuration (w+/w-:1, w+/w-:1.2) by a 

whatmann glass fibre separator wetted up by organic 

electrolyte in a glove box Potentiostatic Cyclic 

voltammetry (PCV), galvanostatic charge-discharge 

studies (GCD) and electrochemical impedance 

spectroscopy (10 kHz to 0.01 Hz) were performed for 

the resulting SC cells in AMETEK supplied 

PARSTAT 4000 workstation.  

The gravimetric capacitance was measured 

according to the formulae (5)27,28. 
 

Ccell = C2E/4 ... (5) 
 

C2E = (2×I × ∆t)/ (∆V ×m) (F⁄g) 

where, Ccell is the gravimetric capacitance of SC 

cell, I is the current discharged in a SC cell, ∆V is the 

potential window of the SC cell, m is the mean mass 

of active materials on both electrodes.  

The energy density and power density of the  

SC cell were calculated using the following Equations 

(6), (7): 

E = (Ccell V²) / (2*3600)  ... (6) 
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P = (E*3600)/t  ... (7) 
 

Where, Ccell = C2E/4 and E is the energy density, P is 

the power density, V is the cell voltage, and t is the 

time taken for discharge, respectively29. 

 

3 Results and Discussion 

3.1 The mechanism for the formation of cork activated carbon 

Different steps are involved in producing KOH 

activated nano-porous carbon from cork dust. As 

described in the experimental section, the chemical 

activation process produces nanoporous carbon by 

using cork dust as a carbon source. The chemical 

activation includes various physical and chemical 

changes at high temperatures when the cork dust was 

treated with potassium hydroxide and eventually the 

potassium ion was hosted on the carbon grid structure, 

which contributes to the formation of nanoporous 

activated carbon after removal of potassium ion from 

carbon grid30. The in-situ potassium ions would 

possibly undergo several decomposition steps, 

followed by the creation of pores and enlargement of 

pores at high temperatures. The mechanism for the 

formation of activated carbon with nanoporous 

structure through KOH based chemical activation was 

discussed in detail in our previous paper
25

. 
 

3.2 Characterisation of carbon materials 

The XRD pattern of CDAC in Fig. 2a shows 

diffraction peaks at 2θ values of 26° and 44° 

revealing the graphitized nature of carbon after 

chemical activation31. Generally, the (002) XRD 

reflection at 26° attributes to the presence of 

polycyclic aromatic carbon sheets of amorphous 

carbon in irregular orientation, while (100) the 

reflection appeared at 44° attributes to the presence of 

2D in-plane diffraction of graphene sheets32. The 

degree of graphitisation was further investigated by 

Raman spectroscopic analysis and the results are 

shown in Fig. 2b. The two prominent peaks at  

1356 cm-1 and 1596 cm-1(Fig. 2b) represents 

disordered amorphous carbon and ordered graphitic  

sp2-hybridized carbon, respectively. D band can occur 

in all amorphous and nanocrystalline carbon due to 

defects or small crystallite sizes33. The G band 

corresponds to the doubly degenerate E2g phonons in 

the Brillouin region that emerges from the first-order 

Raman scattering process34–36. The ratio of the 

intensity of the D band and intensity of G band (ID / 

IG) implies graphitisation level; a lower ID / IG ratio 

represents a higher degree of graphitisation. The ID/IG 

ratio of cork derived activated carbon is considerably 

lower (0.94) than the commercially available carbon 

(ID/IG ratio 1.92). It is consistent with the results of the 

XRD37, indicating high crystallinity of CDAC. 

Further, the peak also appears at 2684 cm-1 attributes 

to the process of second-order double resonance 

associated with the phonons of zone boundary38. Two-

boundary phonons are involved in the scattering 

process of 2D mode whereas a phonon and a defect 

are involved in D mode. In comparison to the D band, 

which includes defects in the scattering process, the 

2D band does not need defects. The 2D band is 

therefore evident in the few-layered Raman spectrum.  

The microstructure shows that the cork derived 

activated carbon (CDAC) was an interconnected 

porous structure and the Transmission electron 

microscopy (TEM) image displayed the presence of 

micropores. The SEM image shown in Fig. 3a 

revealed the presence of honeycomb structured 

carbon domains with a diameter of 100 micrometres. 

After the potassium hydroxide chemical activation, 

 
 

Fig. 2 — (a) X-ray diffraction of the CDAC and (b) Raman 

Spectra of the CDAC. 

 
 

Fig. 3 — FESEM image of (a) Raw cork, (b) cork derived 

activated carbon and TEM image of (c) cork derived activated 

carbon (CDAC) (d) EDAX OF cork derived activated carbon 

(CDAC). 
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the honeycomb-like morphology was well retained in 

CDAC, as shown in Fig. 3b. TEM image shows that 

the carbon sheet thickness was reduced from 100 μm 

to 100 nm after activation. The reduction in carbon 

sheet thickness is attributed to a significant volume of 

carbon being lost during the KOH activation. The 

pore size of the pores observed on the surface of 

CDAC measured by TEM analysis was 10 nm, as 

shown in Fig. 3c. Furthermore, the honeycomb 

structured CDAC’s become much more flexible, and 

numerous wrinkles were found on the surface of 

CDAC. The activation by KOH is expected to 

generate large micropores on the carbon surface 

which will be discussed in BET discussion. The 

unique honeycomb-like morphology obtained after 

the chemical activation is beneficial for EDLC 

application as it can offer interconnected pathways for 

both electrolyte penetration and electrolyte mobility39. 

In addition, the interconnected microporous network 

will have uniform pore size and exhibit high electrical 

conductivity across the electrode of the capacitor. 

Further, EDAX elemental analysis was carried out to 

know the atomic percentage of elements present in the 

carbon. The spectrum of CDAC shows the existence 

of carbon, oxygen and a slight amount of silica, as 

shown in Fig. 3d. Elemental analysis shows the 

presence of 91.8 % carbon and 8.1 % oxygen, as 

presented in the Table included in Fig. 3d.  

The oxidation states and the exact atomic 

percentage of elements present in the carbon are 

evaluated from the X-ray photoelectron spectroscopy 

(XPS). The XPS survey spectrum of CDAC shows the 

existence of C1s, O1s spectrum, as described in  

Fig. 4(a-c). Elemental analysis shows the presence of 

91.2 % carbon and 8.8 % oxygen. The atomic 

percentage of oxygen (8.8%) was due to the thermally 

stable oxygen functional groups adsorbed on the 

surface of the CDAC material. The high-resolution 

C1s spectra of CDAC can be resolved into three 

component peaks centred at 284.6 eV, 285.3 eV, and 

285.9 eV, corresponding to Csp2–Csp2, N–Csp2, and 

N–Csp3 bonds, confirming the presence of high 

percentage of sp2 carbon which is consistent with 

XRD and Raman analysis. 

A nitrogen adsorption-desorption measurement 

assessed the surface area and pore size distribution of 

the activated carbon material. The Nitrogen 

adsorption-desorption isotherms and pore size 

distribution of CDAC material are shown in Fig. 5a 

and Fig. 5b. It is evident that a carbon sample exhibit 

a type I Isotherm indicating the presence of 

hierarchical micro to mesoporous characteristics of 

 
 

Fig. 4 — (a-c) X-ray photoelectron spectroscopy of cork activated carbon. 
 

 
 

Fig. 5 — (a) Nitrogen adsorption-desorption studies and (b) The pore size distribution of activated carbons. 
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carbon. The isotherm of CDAC exhibits a sharp 

increase at a low relative pressure region indicating 

the presence of highly microporous nature of carbon. 

A detailed summary of the results of specific surface 

area (SBET), total pore volume (V total), and average 

pore diameter (Dp) of carbon sample are presented in 

the Table included in Fig. 5a. CDAC has a 

comparatively large specific surface area of 1707 

m2/g, which is due to the porosity created by KOH 

activation40. CDAC also features a hierarchical 

micro/mesoporous network with high microporous 

specific surface area (S micropore) of 1637 m2/g and 

total pore volume of 2.4 cm3/g. The findings from T-

plot also show that the average pore volume is 2.4 

cm3/g and the specific surface area is 1707 m2/g with 

a high microporous surface area of 1637 m2/g.  

Upon further calculation, 65% microporous  

volume and 35% of the mesoporous volume are 

quantitatively analysed. The pore diameter of 4.2 nm 

is investigated from the pore size distribution of 

activated carbon, as shown in Fig. 5b. The  

observed high specific surface area of activated 

carbon, with a hierarchical micro-mesoporous 

framework and narrow pore size distribution, could 

provide an extensive interaction of electrodes with 

electrolyte. It was reported that the carbon with the 

above structural and textural features would enhance 

the electrochemical performance and rate capability 

as they influence ionic diffusion through electrolyte 

and electrode interface. Aligning with the above 

observation, in the present study, CDAC is expected 

to deliver improved performance due to its excellent 

structural parameters such as high specific surface 

area, narrow pore size distribution, large pore volume 

and graphitic nature. 

 
3.3 Electrochemical performance of carbon materials  

The electrochemical performance of supercapacitor 

fabricated with activated carbon was studied in  

even and uneven weight configurations (w+/w-:1 and  

w+/w-:1.2) of electrodes using Potentiostatic cyclic 

voltammetry study at different scan rates, 

Galvanostatic charge-discharge study at different 

current densities and electrochemical impedance 

spectroscopy techniques. The PCV and GCD curves 

of the supercapacitor device with organic electrolyte 

(1M TEABF4/AN) in an even and uneven weight 

configuration were examined at different voltage 

windows (2.7 V, 3 V and 3.2 V) at different scan rates 

and different current densities as shown in the  

Fig. 6 & Fig 7. As reported in the literature that the 

rapid scan rate of 20 mV/s was chosen to sustain the 

discharge times in minutes and to represent the 

efficiency of the SC performance28.  

 
 

Fig. 6 — (a) & (c) Potentiostatic cyclic voltammograms of even and uneven weight capacitor at various scan rates and (b) & (d) 

Galvanostatic Charge/discharge curves of even and uneven weight capacitor at different current densities. 
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3.3.1 Electrochemical characterisation of even and uneven 

weight configuration tested from 0 V to 2.7 V 

Figure 6a showed that the CV curves of the SC cell 

made from Cork dust activated carbon (CDAC) in 

even weight configuration (w+/w-:1) exhibit a 

rectangular shape when tested at voltage window of  

0 V to 2.7 V. Also, the CV curves exhibit a distortion 

or quasi-rectangular form at a higher scan rate of  

20 mV/s, indicating its poor rate capability. Further, 

the specific capacitance at different current densities 

is studied through GCD data to investigate the rate 

capability of an EDLC. As illustrated in Fig. 6b, the 

specific capacitance of even weight configuration was 

carried out by GCD curves tested at various current 

densities from 0.5 A/g to 15 A/g. As shown in Fig. 6b 

the even weight supercapacitor device exhibits 

triangular shapes which are in the isosceles form. The 

specific capacitance of CDAC electrode SC cell with 

even weight configuration calculated from GCD is 87 

F/g at 1 A/g current density when tested at 0 to 2.7 V. 

Furthermore, with the increase in current density 

upto15 A/g, a decrease in the gravimetric capacitance 

to 67 F/g is observed with an IR drop observed in the 

charge-discharge curve is around 0.25 V. From Fig. 

6c, it is observed that the CV curves of CDAC 

electrode SC cell with uneven weight configuration 

(w
+
/w

-
: 1.2) exhibit a rectangular shape at both slower 

and faster scan rates indicating the typical behaviour 

of an EDLC. The rectangular shape is well preserved 

even at higher scan rates, which indicates the 

 
 

Fig. 7 — (a) & (c) cyclic voltammograms of even and uneven weight capacitor at different scan rates at 3 V, (b) & (d) Galvanostatic 

Charge/discharge curves of even weight SC cell at various current densities at 3 V, (e) cyclic voltammograms of uneven weight capacitor 

at different scan rates at 3.2 V and (f) Galvanostatic Charge/discharge curves of uneven weight SC cell at various current densities at  

3.2 V. 
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electrochemical stability window of the electrolyte. 

Thus, the CV profile concludes that CDAC electrode 

SC cell with uneven weight configuration has 

demonstrated stable electrochemical capacitor 

behaviour compared to the CDAC electrode SC cell 

with even weight configuration. 

Rate capability is one of the main parameters 

affecting EDLC's performance that rely on the 

material characteristics, electrical characteristics and 

ionic mobility through the porous channels of carbon. 

As shown in the Fig. 6d, uneven weight configuration 

SC cell exhibit an isosceles triangle shape with low IR 

drop, suggesting an ideal EDLC behaviour. The 

specific capacitance of CDAC electrode SC cell with 

uneven weight configuration calculated from GCD 

curve showed an excellent gravimetric capacitance of 

107 F/g at 1 A/g current density tested from 0 V to  

2.7 V. Furthermore, CDAC electrode SC cell exhibits 

gravimetric capacitance of 74 F/g at a high current 

density of 15 A/g with IR drop observed in a charge-

discharge curve is around 0.1 V. The GCD profile of 

CDAC electrode SC cell with uneven weight 

configuration is more stable with less capacity 

retention compared to the CDAC electrode with even 

weight configuration. 
 

3.3.2 Electrochemical characterisation of even and uneven 

weight configuration tested from 0 V to 3 V and 0 to 3.2 V 

To further validate the difference in performance, 

PCV and GCD studies were carried out on CDAC 

electrode SC cell with both even and uneven weight 

configurations at different scan rates and current 

densities in the voltage range of 0 V to 3.0 V and 0 V 

to 3.2 V. Figure 7a shows the PCV profile of CDAC 

electrode SC cell with even weight configuration 

(w+/w-: 1) at different scan rates. With an increase in 

scan rate, the capacitance decreases. As shown in  

Fig. 7a, the PCV curves of EDLC SC cell with even 

weight configuration show a rectangular form without 

any distortion till 2.7 V. In the PCV curves, post 2.7 

V, distortion behaviour is observed due to poor 

electrolyte’s potential stability. Also, the CV curves 

exhibit a distortion or quasi-rectangular shape even at 

20 mV/s scan rate, indicating the poor rate capability. 

Figure 7b shows GCD curves of CDAC electrode SC 

cell with even weight configuration (w+/w-: 1) tested 

at a potential window of 0 V to 3 V. The curves 

observed to have a non-isosceles triangle in shape 

indicating poor electrochemical stability of the 

electrolyte and poor rate capability. The specific 

capacitance of CDAC material is calculated from the 

discharge time obtained at various current densities.  

A gravimetric capacitance of 80 F/g is observed at  

1 A/g current density and 54 F/g at a higher current 

density of 15 A/g indicating high-capacity retention. 

Figure 7c shows the PCV curves of uneven weight 

(w+/w-: 1.2) SC cell having broader rectangular PCV 

shapes without any faradaic effects indicating an ideal 

behaviour of the EDLC SC cell. Further, the 

rectangular PCV curves are remained without any 

distortion even at a higher scan rate of 20 mV/s, 

demonstrating fast charge-discharge cycles of the 

EDLC SC cell. These results suggest that CDAC 

electrode SC cell with uneven weight configuration 

(w+/w-: 1) shows higher capacitance, rate capability 

and reversibility nature even at higher scan rates 

confirming electrolyte’s potential stability. To further 

analyse the potentiality of uneven weight CDAC 

electrode SC cell, it was measured at different current 

densities from 0 to 3 V potential window by GCD 

curves which are presented in Fig. 7d. The charge-

discharge curves observed to have 103 F/g of specific 

capacitance calculated from the discharge time 

exhibited at a current density of 1 A/g. Upon an 

increase in the current density to 15 A/g, the specific 

capacitance is found to be 61 F/g, which indicates 

lower capacity retention. In addition, to analyse the 

capability of uneven weight SC cell, it was tested at  

0 to 3.2 V potential window. CV curves of CDAC 

electrode SC cell with uneven weight configurations 

exhibit a rectangular shape with no distortion is 

observed even at low scan rates indicating its ideal 

behaviour. As shown in Fig. 7e, the rectangular form 

was well maintained until 3.2 V, indicating the 

electrolyte’s potential stability. To confirm further, 

the CDAC electrode SC cell with uneven weight 

configuration was systematically tested by GCD 

curves at 3.2 V, which exhibit an ideal behaviour with 

less IR drop (Fig. 7f). The specific capacitance of 

electrodes was calculated from GCD curves. The 

specific capacitance of CDAC electrode SC cell with 

uneven weight configuration at 1 A/g current density 

was observed to be 101 F/g and at a higher current 

density of 15 A/g it is 60 F/g. Whereas, the specific 

capacitance of commercial YP 50 SC cell at a current 

density of 15 A/g was observed to be 34 F/g. 

As supported by several research groups41, even 

weight (same weight) carbon/carbon-based SC cell 

showed an excellent rate capability and EDLC 

behaviour at 2.7 V. Whereas, when the cell voltage 

increases up to 3.2 V, the distortion or quasi-
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rectangular shape with poor rate capability observed 

is due to the imbalance in potential distribution 

between the two electrodes. A decrease in the cyclic 

stability of the SC cell was also observed because one 

of the electrodes operate at a potential beyond the 

electrolyte stability limit. From the results, it is 

evident that the voltage window of CDAC electrode 

SC cell with even weight configuration is only up to 

2.7 V. 

The SC cell with uneven electrode weight 

configuration operates at a higher potential window 

than that of even weight type due to uniformly 

distributed potential among the two electrodes. 

Hence, equilibrium was attained between those 

electrodes resulting in the expansion of electrolyte 

potential window for uneven weight type (w+/w-: 1.2) 

of EDLC device that exhibits higher energy density, 

power density and low IR drop (w+/w-: 1)11 

suggesting a very low equivalent series resistance 

(ESR) than the even weight SC cell. It can be seen 

from the Figures, that the Isosceles triangular curves 

with lower IR drops were observed only for the 

uneven weight configuration indicating an ideal 

EDLC behaviour with reversibility nature and higher 

Coulombic efficiency. 

To clearly distinguish the performance of even  

and uneven weight SC cell, comparison graphs  

were plotted with respect to PCV, GCD, EIS and  

cyclic stability, as shown in Fig. 8. Figure 8a  

shows the comparison of electrochemical impedance 

spectroscopy of even and uneven weight SC cell. The 

impedance characteristics like solution resistance (Rs), 

Rct (charge transfer resistance) and diffusion 

resistance are analysed. The Rs (solution resistance) 

and Rct are calculated to be 3.47 Ω and 4.7 Ω, 

respectively for even weight SC cell whereas for the 

uneven weight SC cell. Rs (solution resistance) and 

Rct are 1.6 Ω and 4.2 Ω, respectively. The sum of Rs 

and Rct is known to be equivalent series resistance 

which is lower for uneven weight SC cell than even 

weight SC cell indicating the high performance of 

uneven weight SC cell. The comparison of PCV 

curves of CDAC electrode SC cell with even and 

uneven weight configurations exhibit rectangular 

shape even at low scan rates representing the ideal 

behaviour of the EDLC with uneven weight 

configuration as shown in the Fig. 8b. The even 

weight SC curve shows slight distortion beyond 2.7 V 

because of poor electrolyte potential stability. Also, 

the uneven weight curve exhibits a rectangular shape 

with no distortion up to 3.2 V, indicating an increase 

in the electrolyte’s potential stability.  

Also, the even and uneven weight configuration 

were compared systematically by GCD curves which 

 
 

Fig. 8 — Comparison of (a) electrochemical impedance spectroscopy, (b) CV profile and (c) CD profile and (d) Cyclic Stability study of 

even weight and uneven weight capacitors. 
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exhibit an ideal behaviour of EDLC capacitor, as 

shown in Fig. 8c. The gravimetric capacitance of 

electrodes was calculated using discharge time 

obtained from the GCD cycle. As seen in the charge-

discharge curve with a potential window of 0 to 3.2 

V, the activated carbon electrode with uneven weight 

configuration exhibit an excellent gravimetric 

capacitance of 101 F/g at 1 A/g current density. 

Furthermore, it exhibits a gravimetric capacitance of 

60 F/g at a high current density of 15 A/g with lower 

IR drop of 0.1 V indicating a very low ESR. Whereas, 

the Commercial SC cell made of YP-50 electrode 

material exhibit capacitance of 34 F/g (25 F/cm3) at a 

current density of 15 A/g19. The comparison of 

specific capacitance at different current densities of 

even and uneven weight SC cell at 2.7 V, 3V and  

3.2 V are presented in Table 1. 

The stability of the electrode in CDAC SC cell 

with even and uneven weight configurations was 

assessed with a long-term cyclic study at 4 A/g 

current density. It was observed that in uneven weight 

system, the capacitance remained above ~94 % of its 

initial value with a less equivalent series resistance 

(ESR) even after 10,000 cycles, evidencing a stable 

performance of the CDAC electrode. Whereas, even 

weight electrode device is stable till 5000 cycles are 

showing capacity retention of only ~85 % of its initial 

capacitance.  

The rapid charge-discharge profile with high ESR 

shown in the Fig. 8d indicates degradation of even 

weight electrodes and so the specific capacitance was 

observed to be decreased after 5000 cycles. The 

obtained results are in good agreement with the 

published literature23, wherein a decrease in the cyclic 

stability of SC cell was observed when the even 

weight configuration carbon electrodes are used 

because one of the electrodes operate at a potential 

beyond the electrolyte stability limit. Whereas, a 

smart adjustment of active material weight ratio of 

electrodes in uneven weight configuration SC cell 

leads to the complete utilization of the voltage 

window of each electrode thereby increasing the 

operating voltage and energy density of the SC cell. 

The electrochemical characterization shows the better 

performance of weight balanced uneven weight 

configuration showing high energy density of  

26.8 Wh/Kg till voltage window of 3.2 V, less 

solution resistance, higher specific capacitance with 

excellent cyclic stability in comparison with even 

weight configuration. The energy density and power 

density of CDAC carbon in uneven weight 

configuration are compared with other asymmetric 

carbon / uneven weight configured SC cells reported 

earlier, as shown in the Ragone plot presented in  

Fig. 9. The enhanced Supercapacitor performance of 

uneven weight configuration is attributed to the 

weight balancing of the electrodes, high graphitic 

nature, narrow pore size distribution and unique 

interconnected morphology of the activated carbon. 

Table 1 — Comparison of specific capacitance of even and uneven weight SC cell at 2.7 V, 3 V and 3.2 V 

Current density 

(A/g) 

2.7 V 3 V 3.2 V 

Even  

weight SC 

gravimetric 

capacitance (F/g) 

Uneven 

weight SC  

gravimetric 

capacitance (F/g)  

Even  

weight SC 

gravimetric 

capacitance (F/g)  

Uneven 

weight SC  

gravimetric capacitance 

(F/g)  

Uneven 

weight SC gravimetric 

capacitance  

(F/g)  

0.5 90 113 83 108 107 

1 87 107 80 103 101 

2 83 98 74 94 93 

4 80 85 68 81 80 

5 78 81 63 74 73 

10 74 79 59 66 63 

15 67 74 54 61 60 

 
 

Fig. 9 — Ragone plot. 
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4 Conclusions 

By changing from an even weight configuration to 

an optimal electrode weight ratio of 1.2, an increase  

in specific capacitance and improvement of the 

performance of SC cell were observed with respect  

to cell voltage and cycle life. The even/uneven 

electrode configurations of cork derived CDAC SC 

cell was successfully examined using a non-aqueous 

electrolyte (i.e. 1M TEABF4/AN) to know the effect 

of electrode weight ratio on the performance of SC 

cell. The electrochemical results reveal that  

uneven weight configuration exhibits the excellent 

performance of SC cell with respect to high 

capacitance, good rate capability and long cyclic 

stability than the even weight configuration of an 

electrochemical capacitor, attributed to the excellent 

structural parameters such as high surface area, 

narrow pore size distribution and large pore volume 

and graphitic nature of CDAC.  
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