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Abstract
Supercapacitors have great electrochemical characteristics such as high energy and power densities, charge-

discharge rates, and extremely long cycle life which make them favourable in electronics and other applications. 
Activated carbon was successfully coated with chitosan, and natural graphite flakes were chemically and thermally 
modified into expanded graphite; these were structurally and morphologically analysed using FTIR and SEM. FTIR 
analysis showed the presence of N-H scissoring from amine and amide groups, C-O and C≡C stretching for activated 
carbon/chitosan (AC/CH) composites and OH group, C=C and C-O stretching for expanded graphite (EG). SEM 
images show that AC/CH and EG have porous structures; AC/CH has chitosan chunks on activated carbon surface. 
The fabricated supercapacitors were tested for their specific capacitances, charging rates, and energy and power 
densities. At potential window of 0.001 V, the lowest specific capacitance, charging rate, energy density, and power 
density are 0.49 ± 0.0060 F/g, 0.12 ± 0.0018 mC/s, 6.853 × 10-8 Wh/kg, and 1.556 × 10-4 W/kg, respectively, which are 
obtained from 100% EG treatment. The symmetric supercapacitors can reach a specific capacitance of 272 ± 14.47 
F/g, charging rate of 65.3 ± 0.81 mC/s, and energy density of 3.786 × 10-5 Wh/kg and power density of 0.0817 W/kg 
with 50% AC/CH-50% EG treatment.
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Introduction
The development of portable and wearable energy electronic 

devices showed great convenience in real life application but demanded 
large amount of energy. In response, developing and refining highly 
efficient energy storage devices become an important issue [1]. Such 
energy storage devices are extensively developed towards light-weight, 
flexible, and high power density devices [2]. Supercapacitors utilize 
high surface area electrode materials and thin electrolytic dielectrics 
to harvest higher magnitudes of capacitance than that of conventional 
capacitors. Also, supercapacitors exhibit greater power density, 
higher energy density, longer cycle life, and excellent pulse charge-
discharge property compared to conventional capacitors. Compared to 
traditional supercapacitors, solid-state supercapacitors use gel polymer 
electrolyte which makes the supercapacitor flexible, wearable, and 
environmental friendly [3]. In traditional capacitors, electrons transfer 
from one electrode to another separated by solid dielectric; the use of 
ion rich-liquid electrolytes that act as an extremely thin dielectric for 
supercapacitors results to the higher capacitance of the latter device. 
Unlike batteries, the charge-discharge process of super capacitors 
involves no chemical reactions, thereby, resulting to minimal to no 
chemical degradation of compounds inside the device. Supercapacitors 
can potentially be utilized in back-up power storage, lightweight 
electronic fuses, peak power sources, and hybrid power sources.

Activated carbon possesses higher surface area and is more cost 
efficient as compared with other carbon-based material which makes 
them commonly used as an electrode material for supercapacitors. 
Generally, higher surface area equates higher capacitance; however, not 
all of the high surface area of the activated carbon contributes to the 
capacitance of the device since some pores are prevented to participate 
in charge storage because of electrolyte ions that are too large to diffuse 
into smaller micropores. Due to this, impregnation of substances, to 
the pores of the carbon are used to improve the existing properties of 
the activated carbon by providing synergism between the chemical 

and the carbon [4]. Impregnation of chitosan on activated carbon 
produced an activated carbon/chitosan composite with higher surface 
area than activated carbon alone; from 301.9 m2/g of naked activated 
carbon, the coated activated carbon had a surface area of 531.3 m2/g 
[5]. Since chitosan is the second most abundant polysaccharide; it is of 
high interest in the field of research due to its high natural abundance, 
biocompatibility, biodegradability, and non-toxicity [6].

Graphite-based materials have become an essential material 
for supercapacitor electrode due to its exceptionally high power 
performance, high mechanical strength, excellent surface area, and 
good conductivity. The integration of graphite-based electrodes has 
emerged as a promising energy storage device, which hopefully can 
take full advantage of exclusive physical and chemical properties such 
as high conductivity for charge storage and large specific area [7].

Energy storage devices such as supercapacitors store energy for later 
use to supply utility grid or local grids. However, energy storage devices 
should be enhanced to exhibit excellent electrochemical properties and 
to utilize cost-efficient materials since such devices, nowadays, are 
either low in power density or high in price. The study aims to design 
and synthesize a solid-state supercapacitor of high specific capacitance 
with flexible electrode and gel polymer electrolyte which could possibly 
alleviate problems encountered in energy storage.

This study is designed to assemble symmetric solid-state 
supercapacitors using the activated carbon/chitosan composites and 
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expanded graphite with varying ratios as active components for the 
supercapacitor electrodes and to compare their specific capacitances. 
This research aims to measure the capacitance, charge rate, energy 
density, and power density of the fabricated supercapacitors 
using linear voltammetry and to evaluate the active components 
characteristics – surface morphology and structure – and relate them 
to the performance of the supercapacitors.

Materials and Methods
Acquisition of materials

Commercial chitosan (CH) with ≥75% degree of deacetylation was 
bought from Sigma-Aldrich while aluminium foil was bought from a 
local store. Commercial activated carbon (AC) and natural graphite 
(NG) were procured from local distributors. Poly (vinyl alcohol) 
(PVA), H2SO4, and other necessary reagents were provided by PSHS-
CLC Laboratory.

Preparation of activated carbon/chitosan composite (AC/CH)

Following the protocol of Vinitnantharat et al. [8] with some 
modifications, chitosan gel solution was prepared by dissolving one 
gram of CH in 100 mL of 1% (v/v) acetic acid which was then stirred 
for 8 hours. AC was rinsed in distilled water and dried at 100°C in an 
oven for 6 hours. The washed AC was mixed with 1% (w/v) NaOH 
solution for 8 hours which was filtered through filter paper and dried 
up afterwards. The dried AC was placed into the chitosan gel solution 
in the ratio 2(AC):1(CH) and agitated for 8 hours. The obtained 
mixture was neutralized by rinsing for several times using distilled 
water followed by air drying.

Synthesis of expanded graphite (EG)

Expanded Graphite (EG) was prepared via exfoliation of NG flakes 
according to the study of Yue et al. [9]. 6.0 g of NG flakes was added 
to 10 mL of concentrated H2SO4 as the intercalating agent and 1.5 mL 
of 30% v/v H2O2 as the oxidizing agent. The mixture was mixed for 
90 minutes at 50°C which was then washed using distilled water until 
pH 5-7. The washed mixture was filtered and oven-dried at 70°C for 
24 hours and was abruptly heated at 400°C for 45 seconds afterwards.

Preparation of electrode materials

Four ratios of AC/CH to EG were prepared as electrode materials 
with a total of 0.4 g of active materials – 0.2 g for each side of the 
supercapacitor. Two sets of 0.2 g of EG, 0.16 g of EG and 0.04 g AC/
CH, 0.10 g EG and 0.10 g AC/CH, and 0.04 g EG and 0.16 g AC/CH 
were measured to prepare 100, 80, 50 and 20% by mass of EG to the 
total mass of active materials.

Fabrication of AC/CH and EG-based symmetric 
supercapacitor

Two pieces of 1 inch by 1 inch aluminium foil were used as current 
collectors in a symmetric cell configuration. The electrolyte was 
prepared by mixing 5 g PVA, 5 g H2SO4, and 50 mL distilled water; the 
mixture was stirred vigorously at 85°C until it becomes transparent. 
The electrolyte was casted on the symmetric electrodes after putting 
the electrode materials on the current collector. The two halves of the 
device were assembled together after the evaporation of solvent in the 
electrolyte; three pieces of lens tissue paper were inserted between 
the two electrodes as the separator in the supercapacitor as depicted 
in Figure 1. 100% EG, 80% EG-20% AC/CH, 50% EG-50% AC/CH, 
and 20% EG-80% AC/CH supercapacitors were named as Negative 
Control, Treatment 1, 2, and 3, respectively.

Data collection

FTIR analysis: Small amounts of the composite were analysed. 
Results of FTIR analysis came in the form of images and were analysed 
by the researcher.

SEM imaging: Small amounts of the composite were analysed. The 
results of SEM were sent via email in the form of images.

Specific capacitance and charging rates tests: The supercapacitors 
were tested using Bio-logic Galvanostat/Potentiostat with three-point 
connection configuration. At 0.001 V and 1 mV/min, the Q-Q0 vs. time 
plot was generated by the apparatus. The results were obtained in Tabular 
Form for the obtained values such as the Q-Q0, slope and correlation (r2 
value) of lines and in the form of images for the Q-Q0 vs. time plot.

Data analysis

FTIR analysis: The results of FTIR analysis for the expanded 
graphite were compared to published FTIR spectra for expanded 
graphite while the FTIR spectrum of activated carbon/chitosan 
composite was compared to the FTIR spectra of standard activated 
carbon and chitosan and to an FTIR spectrum from a published journal. 
The resulting FTIR peaks of the expanded graphite and the composites 
were tabulated and were compared among each other. The presence of 
certain functional groups represent the structural components found 
in the sample and may prove the physical or chemical reaction between 
or among the compounds.

SEM imaging: SEM imaging was analysed according to the surface 
morphology seen in the image. The change in the apparent texture, the 
pore structure, and the interaction of compounds on the surface of 
another compound can be seen in the SEM imaging in correspondence 
to the known characteristics of the compounds in the samples.
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Figure 1: Diagram of the symmetric solid-state supercapacitor.
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Difference (HSD) tests were used to determine in which specific 
capacitance/s of supercapacitors a significant difference occur.

Results and Discussion
Results of the study

Structural characterization of active materials: The FTIR 
spectrum of the synthesized activated carbon/chitosan composites in 
comparison with the FTIR spectra of the commercial activated carbon 
and commercial chitosan was shown in Figure 2a while the comparison 
of the FTIR spectra of commercial natural graphite flakes with the 
expanded graphite in Figure 2b.

Morphological characterization of active materials: The SEM 
micrographs of the AC/CH at 2500x and 5000x magnification were 
shown in Figure 3a. Figure 3a showed the presence of the pores in the 
surface of AC/CH composite. The cross section of micrographs of the 
composite showed the presence of fine particles on the surface of the 
activated carbon.

The SEM micrographs of EG at 1000x, 2000x, 5000x, and 10000x 
magnification were displayed in Figure 3b. The SEM micrographs of 
EG show that EG possesses rough surface with several pores of different 
sizes and stacked layers of particles of different sizes.

Electrochemical tests for supercapacitors and statistical analysis: 
The amount of charges in the fabricated supercapacitors vs. charging 
time are plotted in Figures 4a-4d.The negative control, treatments 1, 
2, and 3 have specific capacitances of 493.4 ± 6.00 mF/g, 13.4 ± 0.31 
F/g, 272 ± 14.47 F/g, and 55.0 ± 7.36 F/g, respectively. At increasing 
amounts of AC/CH in the supercapacitors, the charging rates are 
obtained to be 0.12 ± 0.0018 mC/s, 3.4 ± 0.78 mC/s, 65.3 ± 0.81mC/s, 
and 13.5 ± 1.87 mC/s, respectively; these values are the slopes of the 
lines in Figures 4a-4d.

The summary of data on specific capacitances, charging rates, 
energy densities and power densities of supercapacitors is presented 
in Table 1. Treatment 2 has the highest specific capacitance and 
charging rate while the negative control has the lowest. Based from 
the results of One-Way ANOVA and Tukey HSD tests, the fabricated 
supercapacitors can store significantly different maximum amounts of 
charges except when the negative control and treatment 1 are compared 
since the two supercapacitors have no significant difference in their 

Specific capacitance and charging rates tests: The specific 
capacitances and the charging rates of the fabricated supercapacitors 
were evaluated using the equations for capacitance and by obtaining 
the slopes of the line in Q-Q0 vs. time graphs:
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Where Cs is specific capacitance and rQ is the charging rate of 
the supercapacitors, Q-Q0 is the maximum amount of charge the 
supercapacitor can hold, E1 is the vertex potential, E2 is the initial 
potential, m is the mass of the active materials, t0 is starting time of 
charging, and t1 is the time when the supercapacitor reaches its 
maximum amount of charge.

Energy and power density: The energy capacities of the 
supercapacitors were characterized by the energy density of the 
device while the discharge rates were indicated by the power density. 
The following equations were used to calculate the energy and power 
density of the fabricated supercapacitors:

21
2
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Such that E and P are the energy and power density respectively, C 
is the capacitance of electrode, V is the working voltage, and t means 
the charging/discharging time.

Demo application: The fabricated supercapacitors were charged 
using a power generator at a potential window of 2.2 V for 1 minute. 
The supercapacitors were discharged by lighting an LED lights; the 
time of full discharge was not measured.

Statistical analysis: Each fabricated supercapacitor has three 
technical replicates. The specific capacitance and charging rate for 
each fabricated supercapacitor with varying ratios of activated carbon/
chitosan composites and expanded graphite were measured and 
statistically compared using One-Way Analysis of Variance (ANOVA) 
with α = 0.05 to determine if there is, at least one, significant difference 
among the obtained results. Moreover, Tukey’s Honest Significant 
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specific capacitances. On the other hand, the supercapacitors can reach 
their maximum storage capacity of charges in different durations of 

time since all of their charging rates are significantly different. With 
these values, Treatment 2 possesses the highest energy density of 3.786 
× 10-5 Wh/kg and power density of 0.0817 W/kg. Treatment 3 has the 
next highest energy (7.635 × 10-6 Wh/kg) and power (0.0169 W/kg) 
densities, which is followed by Treatment 1 (with an energy density of 
1.858 × 10-6 Wh/kg and power density of 0.0042 W/kg). The negative 
control has the lowest energy (6.853 × 10-8 Wh/kg) and power (1.556 × 
10-4 W/kg) densities among the fabricated supercapacitors.

Discussion of the results

Structural characterization of active materials: The FTIR 
spectrum for commercial CH displays absorption band at approximately 
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Figure 3a: SEM imaging of AC/CH at (i) and (ii) 2500x magnification (iii) and 
(iv) 5000x magnification.
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Figure 3b: SEM imaging of EG at a) 1000x b) 2000x c) 5000x d) 10000x 
magnifications.
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Figure 4a: Amount of charges in Negative Control [100% EG supercapacitor].
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3431 cm-1 due to the overlap of O-H and N-H stretching vibrations 
of certain functional groups engaged in H-bond. There is a peak in 
1641-1653 cm-1 signifying the presence of C=O specifically found in 
amide group of CH; this band is also found in the spectra of AC and 
AC/CH composites. Absorption band at 1391 cm-1 confirms the N-H 
deformation vibration in –NH2 while the bends at 1068-1035 cm-1 
present the existence of skeletal vibration involving C−O stretching 
which is common in chitosan saccharide structures; these peaks are 
exhibited by AC/CH and CH. The vibrations in the range 1548-1602 
cm-1 of the AC/CH and CH spectra represent bands indicating the 
presence of N-H scissoring from amine and amide groups. On the 
other hand, AC and AC/CH exhibit a similar peak at 2100-2260 cm-1, 
indicating the presence of C≡C stretching. The weak bands at 1641-
1653 cm-1 in the FTIR spectrum of all powdered materials – AC, CH, 
and AC/CH – represent the stretching vibrations of C=O specifically in 
carbonyl, lactone, and carboxyl groups, and the C−O stretching or O-H 
deformation in carboxylic acids, respectively.

The FTIR spectrum of the CH is nearly identical to that in Soni et 
al. [10] and Sharififard et al. [11]. This confirms that the used chitosan 
is appropriate for the preparation of one of the supercapacitor active 
materials, the activated carbon/chitosan composites. However, the AC 

and AC/CH composites are relatively different but are similar to certain 
peaks compared to Soni et al. [10] and Sharififard et al. [11]. This is 
accounted from the different qualities of reagents for the activation 
process (physical or chemical) for the commercial activated carbon 
and the minor modifications in the synthesis of activated carbon/
chitosan composites. Some aliphatic and aromatic functional groups 
are absent in the activated carbon since the chemical activation breaks 
several bonds in aliphatic and aromatic substances; chemical activation 
also eliminates volatile and light substrates. The FTIR spectrum of AC/
CH is a hybrid of the spectra of commercial chitosan and commercial 
activated carbon – some peaks of the composite are present on the 
aforementioned materials individually. The C−O stretching and N-H 
scissoring from amine and amide groups of AC/CH are from CH while 
the present C≡C stretching in AC/CH comes from AC. Moreover, the 
presence of N-H scissoring from amine and amide groups validates 
the activated carbon indeed is coated with chitosan. Patkool, et al. [5] 
concluded that impregnation of chitosan on activated carbon will have 
more amino ketone and aldehyde group when compared to the original 
activated carbon substrate.

There are present peaks at 3405 cm-1 and 1634 cm-1 for natural 
graphite flakes and expanded graphite indicating –OH vibration and 
C=C stretching, respectively. The following changes were observed in 
the FTIR spectra of EG after the exfoliation of NG: a new absorption 
band emerged at 1035-1068 cm-1 representing CO stretching. Also, the 
methoxy C−H stretch at 2850-2950 cm-1 can be observed in the FTIR 
spectrum of NG and EG; the peak at this wavenumber is gentler at the 
spectrum of EG.

The presence of –OH group, C−H stretching, and C=C stretching 
on NG and EG confirms the identities of the two graphite materials 
[12]. The existence of C−O stretching on EG is caused by the oxidation 
of NG by H2O2 and high temperature expansion. The FTIR spectrum of 
NG has sharper peak for the alkyl C−H stretching since EG underwent 
oxidation and abrupt expansion under high temperature which can 
break some of the C−H functional groups in EG. Nonetheless, the FTIR 
spectra of NG and EG are similar in majority of their peaks.

Morphological characterization of active materials: The particles 
shown in Figure 3a(i) can be inferred as a fraction of chitosan that 
penetrated into the inner sites of the activated carbon. The chitosan 
chunks on the surface of the activated carbon rods are different in 
sizes. As seen in Figure 3a(i-iv), there are different sizes of pores in the 
activated carbon which further explains why there are different sizes of 
chitosan particles present on the carbon’s surface.

In Figure 3b(ii) and 3b(iii), several layers of stacked particles of 
EG are present due to the exfoliation of NG when NG was oxidized 
and expanded under high temperature. The high porosity and rough 
surface characteristic of EG accounts from the several chemical 
processes undergone to prepare EG. There are different sizes of stacked 
particles of EG since not all parts of graphite are equally exposed to the 
intercalating and oxidizing agents during stirring and to heat in the 
furnace during the abrupt heating.

Electrochemical characterization of supercapacitors: Since 
the active materials of the fabricated supercapacitors – AC/CH and 
EG – are highly porous, there is a high amount of charges that can 
be accommodated to their surfaces leading to higher capacitance of 
the supercapacitor. The difference in ratios of two active materials – 
while maintaining the combined mass of the active materials constant 
– resulted to a significant difference in the obtained capacitances. 
Since activated carbon/chitosan composites can possess a higher pore 
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supercapacitor].

Specific Capacitance (F/g) Charging Rate (mC/s)
Negative Control 0.49 ± 0.006c 0.12 ± 0.0018d

Treatment 1 13.4 ± 0.31c 3.4 ± 0.078c

Treatment 2 272 ± 14.47a 65.3 ± 0.81a

Treatment 3 55.0 ± 7.36b 13.5 ± 1.87b

Means with the same letter (superscript) are not significantly different.

Table 1: Summary and results of One-Way ANOVA and Tukey HSD Test of specific 
capacitances and charging rates and of the fabricated supercapacitors.
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volume (0.29 cm3/g) and surface area (531.3 m2/g) [5] compared to the 
pore volume (0.008 cm3/g) and surface area (21.564 m2/g) of expanded 
graphite [13], increasing the amount of AC/CH will result to a higher 
pore volume and surface area for the electrode of the supercapacitor. 
The pore volume and surface area of the active materials have a 
positive relationship with the capacitance of the supercapacitor [14]; 
this explains the increasing capacitances for the negative control, 
Treatments 1 and 2. However, there is an observed decrease in specific 
capacitance on Treatment 3. Even though there is a higher amount of 
AC/CH in Treatment 3 than in Treatment 2, the significant drop in the 
capacitance can be explained by the presence of low amounts of EG 
which act as the conductive material for the pathway of charges. The 
electrical conductivity of chitosan at room temperature ranges from 
10-10 to 10-9 S/cm [15] while the electrical conductivity of activated 
carbon is 0.40 S/cm [16]; both activated carbon and chitosan have low 
electrical conductivity which makes it difficult for charges to diffuse 
to the available surface in the active materials of Treatment 3. As 
compared to the fabricated supercapacitors with higher amounts of 
EG than AC/CH, the high electrical conductivity of EG [17] gave the 
aggregate of active materials its relatively high electrical conductivity, 
thus, charges can occupy more available surface of the active materials 
of the supercapacitors.

At a constant scan rate of 1 mV/min and potential window of 
0.001 V, the significant rise of charging rates in the negative control, 
treatments 1 and 2 is due to the slowing down of positive and negative 
charges when separating during charging of the supercapacitors– 
positive charges going on one side and negative charges on the other. 
The available sites in the surface of the active materials in each electrode 
are being accommodated by charges; for a supercapacitor with active 
materials of lower porosity and surface area, it will be more difficult 
for the charges to arrange themselves when the voltage is applied 
during charging which leads to slower charging rates. The statistically 
substantial drop in the charging rate of Treatment 3 is accounted 
from the same explanation on the decrease of its capacitance; the 
lower electrical conductivity of its active materials compared to that of 
Treatment 2 explains why charging the former is slower than charging 
the latter supercapacitor. On the other hand, the high surface area of 
the active materials in Treatment 3 and the high electrical conductivity 
of EG give this supercapacitor a higher charging rate than the negative 
control and treatment 1.

The energy and power density of the fabricated supercapacitors 
are lower than the supercapacitors from other literatures – activated 
carbon/graphene hydrogel supercapacitor with highest power density 
of 3140 W/kg and energy density 9.8 Wh/kg [18] and graphene oxide-
chitosan hydrogel supercapacitor with highest power density of 13.95 
Wh/kg and energy density of 0.7 kW/kg [7] because of the low potential 
window used during the testing in this research. The low energy and 
power densities do not necessarily mean that the supercapacitors have 
poor energy-power combination due to ion diffusion resistances, 
torturous afflicting diffusion pathways within porous textures, or 
other poor interactions. The high specific capacitance values of the 
supercapacitors can show that there is a good interaction of the active 
materials that is suitable for holding high amount of charges.

Conclusion
The active electrode materials were successfully prepared; chitosan 

was coated to activated carbon and natural graphite flakes were exfoliated 
and expanded to form expanded graphite based from the results of 
FTIR analysis and SEM imaging. Furthermore, supercapacitors were 

fabricated using varying ratios of AC/CH and EG and PVA-H2SO4 gel 
polymer as the electrolyte. 50% EG-50% AC/CH supercapacitor has the 
highest specific capacitance and charging rate of 272 ± 14.47 F/g and 
65.3 ± 0.81 mC/s. The other fabricated supercapacitors have specific 
capacitance and charging rates of 55.0 ± 7.36 F/g and 13.5 ± 1.87 mC/s 
for 20% EG-80% AC/CH supercapacitor, 13.4 ± 0.31 F/g and 3.4 ± 
0.078 mC/s for 80% EG-20% AC/CH supercapacitor, and 0.49 ± 0.0060 
F/g and 0.12 ± 0.0018 mC/s for 100% EG supercapacitor. Moreover, 
50% EG-50% AC/CH supercapacitor has the highest energy density 
of 3.786 X 10-5 Wh/kg and power density of 0.0817 W/kg among the 
supercapacitors. The relatively low energy and power densities of the 
fabricated supercapacitors is a result of the low potential window 
(0.001 V) used during the electrochemical testing.
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