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ABSTRACT 

Activated carbon (AC) derived from biomass lightweight cork (Quercus Suber) material was 

synthesized by KOH activation with different mass ratios of Quercus Suber:KOH in order to 

investigate the electrochemical properties of the AC in relation to KOH concentration. A well-

defined porous activated carbon was obtained with a high surface area of 1081 m
2 

g
-1

 and a high 

pore volume of 0.66 cm
3
 g

-1
 when the Quercus Suber:KOH mass ratio was fixed at 1:2. A 

specific capacitance of 166 F g
-1

 was obtained for the symmetric device at 0.5 A g
-1 

in 1 M 

Na2SO4 with energy and power densities of 18.6 W h Kg
-1

 and 449.4 W Kg
-1

 respectively. The 

device displays good cycling stability after floating test for 200 h at 1.8 V and also displaying 

99.8 % capacitance retention after cycling for 5000 cycles. The excellent electrochemical 

performance of the device makes it a potential material for supercapacitor application. 

 

KEYWORDS: Activated carbon; Porous structure; Specific capacitance; Energy density; 

Supercapacitor; Biomass 

 

1. INTRODUCTION 

Dealing with the present day energy crisis such as providing sustainable and renewable energy 

for present and future needs is a major challenge globally. This is as a result of the diminution in 

the supply of fossil fuel and the deteriorating environmental impact of conventional energy 

storage technologies, such as batteries which make use of very toxic chemicals like lead and 

lithium ion which are flammable. Therefore, there is an urgent need for environment-friendly 

energy storage devices from renewable and sustainable sources to address this need [1–7].  

Supercapacitors (SCs) also known as electrochemical capacitors have become desirable as 

energy storage devices because they offer numerous prospects of being low cost and make use of 

cheap, abundant and renewable raw materials with promising advantages of operating at high 

power density with excellent reversibility, oscillatory power supply, long cycle life with fast 

charging and high-powered charge production [8–10]. The categories of SCs are electric double 

layer capacitors (EDLCs), pseudocapacitors and faradaic SCs. EDLCs are a class of SCs which 

store charges electrostatically by reversible absorption/desorption of ions at the electrode-
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electrolyte interface of the active material, which is largely dependent on the structure and 

morphology of the material [1, 7, 11, 12]. Pseudocapacitors are capacitors that have  

electrochemical behavior similar to that of EDLC electrodes  but in which the charge transfer 

originates from the electron transfer mechanism rather than on the accumulation of ions in the 

electrochemical double layer, while faradaic capacitors store charges by rapid redox reactions at 

the surface of active material [11]. Several SC materials have been explored as potential 

materials for SC application such as carbonaceous materials, conducting polymers and transition 

metals. Carbonaceous materials such as graphene, carbon nanotubes and activated carbon (AC) 

are usually used for EDLCs because of their excellent electronic conductivity, good pore size 

distribution, and large specific surface areas. However, most of the available SCs still suffer from 

low energy densities when compared to that of batteries. Therefore, research to improve the 

energy density of SCs is paramount. The electrode material and the electrolyte are the key 

components that determine the electrochemical performance of SCs [1, 2, 13]. Since energy 

density      is proportional to specific capacitance (Csp) and the square of potential 

window           
 ) of the electrode material, the research focus is on enhancing the property 

of the materials by researching on ways to improve on the potential window and / or the specific 

capacitance of the materials [14–16].  

The efforts have been made in the in the previous studies along this line to improve the 

working potential and specific capacitance of SCs. For instance, a symmetric carbon/carbon SC 

with a Csp of 115 F g
-1 

 operating at 1.6 V in Na2SO4 was reported [16]. Similarly, a report on 

SWNT electrodes with a Csp of 180 F g
-1

 was obtained at 1.0 V in KOH electrolyte [17]. In 

another study on Ni(OH)2/graphene and RuO2/graphene, a Csp of 153 F g
-1 

was obtained at a 

potential window of 1.6 V in KOH aqueous electrolyte [18], an asymmetric SC based on 

Graphene/MnO2 and AC Nanofiber was also reported with a Csp of 113.5 F g
-1 

at 1.8 V in 

Na2SO4 [19]. A study on the Unequalization of the electrode capacitance indicated a considerable 

increase in the working potential of a symmetric SC (up to 1.9 V) in aqueous K2SO4 with a Csp of 

80 F g
-1 

[1, 14, 16]. There have been reports on several studies on the fabrication of electrode 

materials from AC with good pore size distribution, large specific surface area, good 

conductivities and high specific capacitances. However, their industrial and large-scale 

production have been limited by high cost and degree of the corrosiveness of the materials 

utilized in the fabrication [16, 20].  
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The use of abundant and renewable, cost effective, lightweight materials with tunable porosity 

that are efficient, sustainable and environmentally safe is still imperative due to the high cost 

involved in the production of some materials listed above. Also, the utilization of the same 

material for both the positive and negative electrode is essentially important both in terms of cost 

and large scale production [3, 14, 20–24]. Biomass trials for the production of AC have become 

attractive because they are low-cost source of carbon material with tunable properties; hence 

have been recently explored for SCs. Another important factor to consider is the electrolytes 

used in the device fabrication. Alkaline, acidic/ionic electrolytes usually have high conductivity 

which makes them achieve high Csp but they suffer from low    because of inability to operate at 

large potential windows. This is because thermodynamically, the decomposition of water is at 

1.23 V. Neutral electrolytes can attain moderate potential windows leading to better 

electrochemical performance. Organic electrolytes, however, have large operating potential 

windows but are toxic, have poor electrical conductivity and are quite expensive. Hence, neutral 

electrolytes are preferred due to their advantage of enhancing SC performance [25, 26].  

In a report on SC from sunflower seed shell, a Csp of 311 F g
-1 

was obtained in a potential 

window of 0.9 V in 3 M KOH electrolyte [27]. In a study of mesoporous carbon from coconut 

shell, a Csp of 246 F g
-1

 was obtained within a voltage window of 0.7 V in 0.5 M H2SO4 [28] and 

in another report on SC electrode derived from coconut leaves, a Csp of 133 F g
-1

 was obtained in 

a potential window of 1.0 V in 6 M KOH [29]. Also, in a study on Pistachio nutshells derived 

carbon, a Csp of 261 F g
-1

 was obtained in a potential window of 1.1 V in 6 M KOH [30]. These 

devices have been reported with high capacitance values but the nature of the electrolytes used 

and the working potential of the device results to low   , and therefore limits their industrial 

application [16, 31].  

In this study, we present a carbon-carbon symmetric supercapacitor with good electrical 

conductivity and specific capacitance with a working voltage of 1.8 V in 1 M Na2SO4. The 

device is produced from cheap and light weight material Cork (Quercus Suber), a spongy 

material which comes from the bark of an evergreen oak tree. The renewability and sustainability 

of this material make it a choice material for this study. 1 M Na2SO4 was chosen for this study 

because it has been demonstrated that a stable potential window of up to 2 V can be achieved in 

a carbon – carbon SC in the neutral electrolyte. Another factor considered was that it is less toxic 

and corrosive when compared to the acidic electrolytes [1, 14, 16]. The choice of KOH as the 
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activation agent is as a result of the fact that it can be used to produce ACs with well-defined 

micropores and mesopores with tunable porosity, however, a systematic study was astutely 

carried out because of the corrosive nature of KOH considering the economic and environmental 

impact of materials produced [20, 24]. 

 

2. EXPERIMENTAL 

2.1. Material synthesis 

The cork raw material used for this study was collected from Algeria and used for the 

production of activated carbon. Scheme 1 shows the complete synthesis route of the activated 

carbon.  5 g of the raw material was impregnated with KOH in the ratio of 1:1, 1:2 and 1:3, left 

for 72 h for the material to properly absorb the KOH before drying it in the oven at 60 
o
C for 

several hours. The samples were then carbonized at 800 
o
C under argon flow (300 sccm) for 2 h. 

The black material obtained after carbonization was washed with 3 M HCl, and deionized water 

until the filtrate became neutral to a pH indicator. The obtained activated carbon with porous 

structure (see micrograph image in Scheme 1) was denoted as AC KOH 1, AC KOH 2 and AC 

KOH 3 for raw material:KOH mass ratios of 1:1, 1:2 and 1:3 respectively. 

 

 

Scheme 1 Schematic of the synthesis route of the activated carbon which are denoted as AC 

KOH 1, AC KOH 2 and AC KOH 3. 
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2.2. Structural, morphological and composition characterization 

X-ray Diffraction (XRD) studies were carried out using XPERT-PRO diffractometer 

(PANalytical BV the Netherlands) while Raman analysis was carried out using a Jobin-Yvon 

Horiba TX 64000 micro-spectrometer. Scanning electron microscopy (SEM) and energy 

dispersive X-ray spectroscopy (EDS) analysis were carried out using Zeiss Ultra plus 55 field 

emission scanning electron microscope (FE-SEM) at an accelerating voltage of 2.0 kV. High-

resolution transmission electron microscopy (HRTEM) analysis was carried out using a Jeol-

2100F field emission electron microscope operated at 200kV with a probe size of 0.5 nm. The 

N2 adsorption/desorption isotherm measurements were carried out with a Micrometrics TriStar II 

3020.  

2.3. Electrochemical measurements 

The AC samples were tested in three- and two-electrode configurations in a multichannel 

VMP300 potentiostat/galvanostat (Biologic, France) workstation at ambient temperature. The 

electrodes for the three-electrode measurement were fabricated by preparing a homogeneous 

mixture of the activated carbon material (80 wt. %), carbon black (15 wt. %) to enhance the 

conductivity of the material and polyvinylidene difluoride (PVdF) (5 wt. %) as a binder in an 

agate mortar. A paste was made from the above mixture by adding 1-methyl-2-pyrrolidinone 

(NMP) drop-wise to the mixture and then coated on 2 cm   2 cm nickel foam current collectors. 

The coated samples were then dried in an oven at 60 
o
C overnight. The symmetric device for the 

two-electrode measurements was similarly fabricated but was coated and pressed on 16 mm 

diameter nickel foams dried at 60 
o
C overnight and then assembled in a coin cell with a 

microfiber glass filter paper as a separator. The preliminary test was performed in 1 M Na2SO4, 1 

M NaNO3 and 1 M Li2SO4 aqueous electrolytes with glassy carbon and Ag/AgCl as counter and 

reference electrodes respectively. The specific capacitance for the single electrode was calculated 

from the charge discharge using Eq. 1 [32] 

        
           ⁄           (1) 

where I (A) is the current,        is the discharge time,        is the change in cell voltage and 

m (g) is the total mass of the electrodes. The energy density,    and power density Pd of the 

electrodes were evaluated using Eq. 2 [32] and (3) [1] 
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                         ⁄         (2) 

              ⁄            (3) 

 

3. RESULTS AND DISCUSSION 

3.1 Structural, morphological and composition characterization 

The structures of the as-synthesized materials were investigated by XRD and Raman 

spectroscopy. The XRD patterns (Fig. 1a) show peaks at 51
o
 (100) and 76

o
 (110) with an 

increased intensity identified at the (100) diffraction plane for the AC KOH 2 sample. The peaks 

represent graphitic diffraction planes, showing that the AC KOH 1 and AC KOH 2 materials 

belong to the class of graphitized carbon. This indicating that the material is comprised of 

crystals that are crystal phases of the graphitized carbon thus they can be referred to graphitic 

materials fixed with crystalline carbon owing to the sharp (100) peak while the AC KOH 3 

sample contain small crystals that are not well-formed crystal phases and can be referred to as 

amorphous carbon [33]. The Raman spectra of the activated carbon samples are shown in 

Fig. 1b. The spectra show the D-band at 1341 cm
-1

 and the G-band at 1589 cm
-1

 of the activated 

carbon which are typical of the disordered amorphous carbons in the sp
2
 carbon network and the 

characteristic of the tangential vibrations of the graphitic carbons respectively [12, 34]. The 

presence of the D and G band present in the Raman spectra indicates the presence of the 

graphitic carbon in the synthesized materials. The ratio of the intensity of the D and G band 

(ID/IG) is used to determine the degree of graphitization of the materials. In the observed spectra, 

the ratio of the two bands for AC KOH 1, AC KOH 2 and AC KOH 3 are 0.90, 0.93 and 1.16 

respectively, indicating a low degree of graphitic crystalline structure of AC KOH 1 and AC 

KOH 2 and amorphous structure of AC KOH 3 [8, 9, 12, 35]. The Raman spectra for AC KOH 2 

was deconvoluted using the Lorentzian curve fitting (Lorentzians) of different combinations of 

the Raman peaks as presented in Fig. 1c. In Fig. 1c, the G1 and the D1 bands which are common 

to all sp
2
 carbon materials arise from the stretching of the C−C bond and the edge of graphene 

sheet carbon atoms of bulk graphitic materials respectively [36]
,
[37]. The D2 peak is due to 

lattice vibration corresponding to that of the G band [38] and the D3 peak arises from the 

amorphous carbon in interstitial sites of the disturbed lattice of a bulk graphitic material [39] and 

the D4 peak is due to lattice vibrations corresponding to sp
2
-sp

3
 bonds [40, 41]. A relatively 

lower intensity of the D3 peak gives information on the amorphous nature of the material. 
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Figure 1 a XRD spectra and b Raman spectra (λ0 = 514 nm) of the AC KOH 1, AC KOH 2 and 

AC KOH 3 respectively and c the corresponding curve fitting (Lorentzians) of different 

combinations of the Raman peaks for AC KOH 2. 

 

The SEM micrographs of the as–synthesized samples at low and high magnifications are 

presented in Fig. 2a to 2f. The micrographs show good 3D interconnected framework structure 

consisting mainly of porous structure and the characteristic evolution of the pores and structures 

of the materials studied at the same carbonization temperature of 800 
o
C. The structural 

transformation is as a result of the systematic increase of the KOH activation concentration. 

Adjustment of the activation agent concentration (KOH) is necessary because it is an important 

factor in improving the pore size and structure of the carbon thereby achieving a good 

nanostructured material which ultimately affects the electrochemical performance  
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Figure 2 SEM micrographs showing low and high magnifications of a, b AC KOH 1, c, d AC 

KOH 2 and e, f AC KOH 3. 

 

 

of the as–synthesized material [23, 24, 28]. The high magnifications of the micrographs show an 

uneven porous surface of the material activated with a mass ratio of 1:1 (AC KOH 1) (Fig. 2b). 
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Figure 2d shows an uneven well-defined and clear porous surface of the material synthesized 

with a mass ratio of 1:2 (AC KOH 2) and Fig. 2f shows an uneven porous and perforated surface 

of the material synthesized with a mass ratio of 1:3 (AC KOH 3). The structure of the latter 

might be due to the etching effect of KOH [20]. The activation mostly commences with the 

reaction shown in Eq. 4 below. The K2CO3 can decompose into CO2 and K2O and can proceed 

through a reduction reaction by carbon to produce K at temperatures exceeding 700 
o
C, and 

waning completely at approximately 800 
o
C generating more porous carbon network [23, 33, 

35]. 

6KOH + 2C 2K + 3H2 + 2K2CO3        (4) 

K2CO3  K2O + CO2          (5) 

C + K2O  2K + CO          (6) 

The structure of the AC KOH 2 material was further investigated using high-resolution 

transmission electron microscopy (HRTEM). It is worth noting that under electrochemical 

measurements the AC KOH 2 material showed high electrochemical performance compared to 

AC KOH 1 and AC KOH 3 materials hence it was further investigated using HRTEM. Figure 3a 

and 3b show low and high-resolution HRTEM micrographs of AC KOH 2 material, respectively. 

The HRTEM micrograph in Fig. 3a shows a porous microstructure of the material consisting 

mainly of tightly curled disordered carbon layers (sheet-like morphology). In high-resolution 

HRTEM micrograph (Fig. 3b), lattice fringes are not observable suggesting that the material is 

mostly amorphous which is in agreement with the observed selected-area electron diffraction 

(SAED) pattern (Fig. 3c), which exhibits halo ring with few detectable diffraction spots 

indicating poor crystallinity of the material. 
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Figure 3a and b Low and high-resolution HRTEM micrographs of AC KOH 2 material 

respectively, and c the corresponding selected-area electron diffraction (SAED) pattern. 

 

The EDS spectra for the as–synthesized ACs are presented in Fig. 4. The elemental 

compositions of the samples are summarized in table 1. The AC materials show a high 

percentage of carbon followed by oxygen which could originate from the surface functional 

group present in the sample. The small percentage of chlorine present in the samples might be a 

contribution from the Embed 812 Epoxy Resin used in the sample preparation prior to EDS 

analysis.  
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Figure 4 EDS spectra for as–synthesized AC KOH 2 sample.  

 

Table 1 Summary of the elemental compositions of as–synthesized samples. 

Samples C (wt %) O (wt %) Cl (wt %) 

AC KOH 1 69.47 25.16 5.37 

AC KOH 2 72.69 21.57 5.73 

AC KOH 3 70.75 23.26 5.99 

 

The porosity of the samples were investigated using the N2 isotherms studied at -196 
o
C. 

Figure 5a and 5b show typical type IV with H4 hysteresis loops signifying complex materials 

comprising micropores and mesopores with relative pressure (P/Po) range of 0.01 to 1.0. A 

summary of the structural and textural properties are presented in Table 2. AC KOH 2 sample 

showed the highest specific surface area (SSA) and the smallest particle size. Figure 4c shows 

that increasing the KOH concentration enhanced the surface area of the carbon. However, a 

decrease in the BET SSA and an increase in the particle size can be observed for the AC KOH 3 

sample when the KOH concentration was increased further, indicating a correlation between 

pore microstructures and activation parameters including KOH mass ratio [20, 24]. The pore size 

distribution (PSD) was analyzed with Barret-Joyner-Halenda (BJH) method from the desorption 

branch showing PSD of the samples ranging from 2.0 to 4.2 nm.  
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Figure 5 a A plot of pore size distribution of AC KOH 1, AC KOH 2 and AC KOH 3 b N2 

adsorption-desorption isotherms of AC KOH 1, AC KOH 2 and AC KOH 3, c A plot of BET 

SSA as a function of raw material:KOH activation mass ratio.  
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Table 2 Textural and porosity properties of porous AC samples. 

Samples Surface 

area (m
2 

g
-1

) 

Micropore Volume
1
 

(cm
3 

g
-1

) 

Cummulative Volume
2
 

(cm
3 

g
-1

) 

Pore diameter
3
 

(nm) 

AC KOH 1 881 0.40 0.52 3.8 

AC KOH 2 1082 0.47 0.66 4.1 

AC KOH 3 916 0.42 0.54 4.0 

1
 t-Plot micropore volume 

2 
BJH Desorption cumulative pores between 100 nm and 300,000 nm diameter 

3 
BJH desorption average pore diameter (4V/A) 

 

3.2 Electrochemical measurements 

The CV curves of the electrode materials (AC KOH 1, AC KOH 2 and AC KOH 3) tested in 

the typical three-electrode system in 1 M Na2SO4 neutral electrolyte at a scan rate of 50 mVs
-1

 

are presented in Fig. 6a. The CV curves show rectangular shapes both in the positive and 

negative potential windows which are characteristic of the double layer capacitive behavior of 

the material. The CV curves show different current responses within the positive and negative 

voltage windows of -0.8 to 0V and 0 to 0.8 V vs. Ag/AgCl for the samples, and the CV curve for 

AC KOH 2 displays better current response compared to AC KOH 1 and AC KOH 3. The Csp for 

AC KOH 2 sample is 90.6 F g
-1 

in the positive and 100.6 F g
-1

 in the negative potential 

respectively. The unequal capacitances might be because the voltage where the electrode 

material and /or electrolyte start to discharge relative to the equipotential, which is the potential 

of the positive and negative electrodes of the device at zero voltage, are not always symmetrical 

for the positive and negative electrodes [14, 16]. The AC KOH 2 material was further tested in 

the three-electrode system in working potential windows of 0 to -0.9 V and 0 to 0.9 V at 50 mV 

s
-1

 in 1 M Na2SO4 and two other electrolytes, 1 M NaNO3 and 1 M Li2SO4, as shown in Fig. 6b. 

The CV curves show similar rectangular curves in all three electrolytes, indicating a typical 

reversible EDLC behavior of the material in the different electrolytes. However, a better current 

response is observed in the CV curve for the electrode material tested in 1 M Na2SO4. It is clear 
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from both Fig. 6a and 6b that sample denoted as AC KOH 2 in the 1 M Na2SO4 electrolyte 

shows the best electrochemical performance and hence from now on will concentrate on these 

two parameters for the two-electrode device.  

 

Figure 6 Three electrode measurements: a CV curves for AC KOH 1, AC KOH 2 and AC KOH 

3 in -0.8 to 0V and 0 to 0.8 V potential windows at 50 mVs
-1

 and b CV curves of AC KOH 2 at 

potential windows of 0 to -0.9V and 0 to 0.9 V at 50 mVs
-1

 in three different electrolytes. 

 

The CV curves for the two-electrode measurements for the symmetric device assembled from 

AC KOH 2 investigated at different working potentials ranging from 1.4 V to 2.0 V in 1 M 

Na2SO4 to determine the stable potential window of the cell is presented in Fig. 7a. The CV 

curves exhibit rectangular shape within these potential windows which is typical of electric 

double layer supercapacitors indicating very quick charge/ion transport. The CVs show good 

stability within this operating voltage. However, above 1.8 V, the anodic current leap is observed 

indicating gas or oxygen evolutions as the potential tends to 2 V [14]. However, the functional 

groups can enhance the ion adsorption and hydrophilicity resulting in quick charge transport 

within the porous network of the carbon material. Thus, 1.8 V is a more stable voltage for the 

electrode material because no current leap is observed for this potential. Neutral electrolyte could 

operate up to 2.0 V because of the presence of H
+
 and OH

-
 in low amounts relative to those of 

acidic and alkaline electrolytes [1, 16]. Also, Neutral electrolytes are able to achieve higher or 

extended voltage window of up to 2.0 V than acid and alkaline electrolytes because of their pH, 

strong ion solvation and high over-potential for di-hydrogen evolution at the negative electrode 
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[16]. Figure 7b and 7c show the CV curves of the two electrode cell within the potential window 

of 0.0 to 1.8 V at scan rates of 10 to 100 mV s
-1

 and at high scan rates of 200 to 2000 mV s
-1 

respectively. The CV curves maintain rectangular shapes with symmetric cathodic and anodic 

current responses even at very high scan rates indicating quick charge transport which is as a 

result of the low equivalent series resistance (Res) of the electrodes and is characteristic of highly 

capacitive and reversible electrochemical performance of the as-synthesized material [14, 42]. 

The galvanostatic charge/discharge (GCD) measurements performed at 0.5 to 5 A g
-1

 are 

presented in Fig. 7d. A linear charge/discharge curve is observed which is typical of an ideal 

EDLC with reversible anodic and cathodic ionic transport. A good rate capability is indicated by 

the cell as only a slight decrease in capacitance is observed at the different current densities. A 

CSP of 166 F g
-1

 is observed for the symmetric cell at 0.5 A g
-1

 and is maintained at 133 F g
-1

 as 

the current density is increased to 5 A g
-1

, displaying 80 % capacitance retention of the 

symmetric device with increasing current density. 
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Figure 7 a CV curves of AC KOH 2 device at 50 mVs
-1

 at different potential windows in 1 M 

Na2SO4, b CV curves of AC KOH 2 at scan rates ranging from 10 to 100 mVs
-1

, c CV curves of 

AC KOH 2 at high scan rates ranging from 200 to 2000 mVs
-1

, d CD curves of AC KOH 2 

symmetric device at 0.5 A g
-1

 to 5 A g
-1 

in 1 M Na2SO4. 

 

The energy and power densities of the symmetric device were calculated from Eq. 2 and 

Eq. 3. The CSP as a function of current density was calculated using Eq. 2. The Ragone plot 

which relates the energy and power densities of the symmetric device are presented in Fig. 8. 

The symmetric device displays a high energy density of 18.6 W h kg
-1

 and power density of 

449.4 W kg
-1

 at a current density of 0.5 A g
-1

. This work shows superior electrochemical 

performance as compared to other biomass-derived activated carbon [1, 16, 27–31, 35, 43–45]. A 

comparison of this work with other previous reports is presented in table 3. The excellent 

performance of this device can be attributed to the high specific surface area, high pore volume 
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and large mesopore volume and well defined pore size distribution which boost proper ion 

transfer within the electrolyte at higher current densities which are necessary for EDLCs to 

achieve high power delivery rate and high storage capacity and also on the ability of the material 

to work within the positive and negative potential windows thereby enhancing the potential 

range of the material in the symmetric device [23, 31, 43].  

 

 

Figure 8 Specific capacitance as a function of current density, and the energy density as a 

function of power density (Ragone plot) for the symmetric device. 
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Table 3 Electrochemical performance comparison of activated carbon derived from different 

precursors. 

Precursor Activation 

agent 

SBET  

(m
2 
g

-1
) 

Voltage 

(V) 

Specific 

capacitance 

(F g
-1

) 

Current 

density 

(A g
-1

) 

Electrolyte Energy 

density  

(W h Kg
-1

) 

Ref. 

Pine cone KOH 1515 2.0 137 0.1 1 M Na2SO4 19 1 

Pine Cone KOH 1515 1.0 90 0.1 1M Na2SO4 - 35 

Coconut 

shell 

ZnCl2 2440 0.7 246 0.25 0.5 H2SO4 7.6 28 

Tree bark 

biomass 

KOH 1018 0.6 114 0.3 -1 M 

Na2SO4 

- 45 

Coconut 

leaves 

- 492.9 1.0 133 0.2 6 M KOH - 29 

Rubber 

wood saw 

dust 

- 913 1.0 138  H2SO4 2.63 46 

Pistachio 

nutshells 

KOH 1069 1.1 261 0.2 6 M KOH 10 30 

Sunflower 

seed shell 

KOH 2584 0.9 311 0.25 3 M KOH 4.8 27 

Cork 

(Quercus 

Suber) 

KOH 1081 1.8 166 0.5 1 M 

Na2SO4 

18.6 This 

work 

 

The stability of the symmetric device was investigated over 5000 charge/discharge cycles and 

the device displays 100 % capacitance retention at the end of the charge/discharge cycle 

(Fig. 9a). Also, stability test based on voltage holding was used to study the long-term stability 

of the symmetric device. Figure 9b shows the curve of voltage holding over a time duration of 

200 h. The floating time is based on periodic potentiostatic mode and sequential GCD at 1 A g
-1

. 

The floating and galvanostatic processes are reiterated for a total of 200 h. The floating shows a 

significant effect on the capacitive behavior of the devices which decreases in the first 40 h of 

floating before stabilizing at 130 F g
-1

 for the rest of the floating time, with capacitance 

retention of 85 % over 200 h. The decrease in capacitance could be as a result of the wearing of 



20 
 

the surface functional group which could facilitate ion transport within the electrode material 

[46]. 

 

 

Figure 9 Stability test of AC KOH 2 sample: a Capacitance retention as a function of a number 

of cycles and b specific capacitance as a function of floating time. 

 

Electrochemical impedance spectroscopy (EIS) measurements were also carried out. 

Figure 10a shows the Nyquist impedance plot for the EIS measurements analyzed in the 

frequency range of 100 kHz - 0.01 Hz. The diameter of the arc within the high and middle-

frequency region shows the charge transfer resistance (Rct) of 1.3 . The solution resistance (Rs) 

of 0.77  (intercept to the x-axis, see insert to Fig. 10a) was observed from the Nyquist 

impedance plot with the real Z′ axis which sums up the resistive components within the device 

[46, 47]. The fitting of the Nyquist plot is presented in Fig. 10b with the equivalent circuit (insert 

to Fig. 10b). The constant phase element Q and the charge transfer resistance (Rct) are connected 

in series with Rs. The diffusion element (W), which is in series with the Rct corresponds to the 

diffusion from the high to the low-frequency region. Normally, an ideal electrode with mass 

capacitance (C), at very low frequencies should lead to a vertical line parallel to the -Z′′ axis 

[46]. However, from Fig.10a, a slight deviation from the ideal behavior is observed which can be 

as a result of the resistive element linked with C. This resistive element termed leakage current is 

connected in parallel to the mass capacitance. The real and imaginary part of the capacitances as 
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a function of frequency (C′ () and C′′ ()) was evaluated using a complex capacitance model 

and is presented in Fig. 10d. For the electrodes, the value of C′ at 0.01 Hz is 0.33 F which 

corresponds to the real reachable capacitance of the cell at this frequency. C′′ represents the 

energy utilized and it also shows the frequency evolution between an ideal capacitive and 

resistive behavior [48]. The relaxation time   ) evaluated from         ⁄            ⁄  is 

 0.89 s corresponding to a frequency of 1.0 Hz. This relaxation time shows that the energy 

stored in the cell can be released within 0.89 s. The phase angle as a function of frequency is 

presented in Fig. 10c. It shows that the phase angle of the cell is  -85
o
, which is very near to -

90
o
 indicating a complete capacitive behavior of the electrodes. 

 

 

Figure 10 a EIS plot, b EIS fitting and equivalent series circuit (inset), c phase angle as a 

function of frequency and d real and imaginary plot of capacitance as a function of frequency. 
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4. CONCLUSIONS 

Activated carbon from light weight material Cork (Quercus Suber), has been successfully 

synthesized using a systematic approach which is environmentally friendly and cost effective. 

The material shows well-defined and clear porous surface with large surface area and good 

micropore and mesopore volume. A high specific capacitance of 166 F g
-1

 was obtained at a 

current density of 0.5 A g
-1

 and was maintained at 133 F g
-1

 as the current density increased to 

5.0 A g
-1 

with energy and power densities of 18.6 W h kg
-1

 and 449.4 W kg
-1

 respectively for the 

symmetric device. This device displays good rate capability in the neutral electrolyte. The device 

also shows excellent stability and without significant degradation after 200 h of floating time. 

The results suggest that the material is a potentially excellent material for supercapacitor 

applications.  
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