
Applied Energy 207 (2017) 417–426
Contents lists available at ScienceDirect

Applied Energy

journal homepage: www.elsevier .com/locate /apenergy
Asymmetric supercapacitor based on activated expanded graphite and
pinecone tree activated carbon with excellent stability
http://dx.doi.org/10.1016/j.apenergy.2017.05.110
0306-2619/� 2017 Elsevier Ltd. All rights reserved.

⇑ Corresponding author at: Department of Electrical, Electronic and Computer
Engineering, University of Pretoria, Pretoria 0002, South Africa (F. Barzegar).

E-mail addresses: farshadbarzegar@gmail.com (F. Barzegar), ncholu.manyala@-
up.ac.za (N. Manyala).
Farshad Barzegar a,b,⇑, Abdulhakeem Bello b, Julien K. Dangbegnon b, Ncholu Manyala b, Xiaohua Xia a

aDepartment of Electrical, Electronic and Computer Engineering, University of Pretoria, Pretoria 0002, South Africa
bDepartment of Physics, Institute of Applied Materials, SARCHI Chair in Carbon Technology and Materials, University of Pretoria, Pretoria 0028, South Africa

h i g h l i g h t s

� Synthesis of porous activated carbon.
� Asymmetric supercapacitor based on the porous carbon exhibit good electrochemical performance.
� The asymmetric supercapacitor device exhibited excellent floating stability test for 110 h.
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a b s t r a c t

This work presents results obtained from the production of low-cost carbons from expanded graphite
(EG) and pinecone (PC) biomass, activated in potassium hydroxide (KOH) and finally carbonized in argon
and hydrogen atmosphere. A specific surface area of 808 m2 g�1 and 457 m2 g�1 were measured for acti-
vated pinecone carbon (APC) and activated expanded graphite (AEG), respectively. The electrochemical
characterization of the novel materials in a 2-electrode configuration as supercapacitor electrode shows
a specific capacitance of 69 F g�1 at 0.5 A g�1, high energy density of 24.6 W h kg�1 at a power density of
400 W kg�1. This asymmetric supercapacitor also exhibits outstanding stability after voltage holding at
the maximum voltage for 110 h, suggesting that the asymmetric device based on different carbon mate-
rials has a huge capacity for a high-performance electrode in electrochemical applications.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Electrochemical capacitors (ECs) (ultracapacitors or superca-
pacitors) [1] have evolved as important electrical energy storage
systems for the development of wide range of electrical applica-
tions adopted in memory backup devices, hybrid electric vehicles
(HEVs), digital and portable electronic devices, etc. [2–4]. Their
attractiveness is attributed to their high power density, fast charg-
ing–discharging mechanism as well as long cycle life and high
durability [5]. However, when compared with their battery coun-
terparts, the energy density of ECs is still very low, hence efforts
are being made to improve their energy densities to reach those
of batteries or even higher.

To achieve this, porous carbon materials having high electrical
conductivity, a high surface area with a good distribution of poros-
ity are highly desirable [6,7]. Commonly used carbon materials
include activated carbon [8], graphene [9–12], carbon nanotubes
[13–15], carbide-derived carbons (CDC) [16,17] and onions like
carbon (OLC) [18,19] prepared from different synthesis techniques
such as chemical vapor deposition [20,21], arc discharge synthesis
[22], laser ablation of graphitic targets [23], microemulsion poly-
merization of polymers [24,25], vaporization of graphite to nanodi-
amond [26] and wet chemical techniques such as the hummers
method [27].

Most of the commercially available activated carbons (AC) used
as electrode materials for ECs are usually prepared from coconut
shells, coal, wood and peat [28–31]. More recently, attention has
been shifted to the use of other sources of biomass or organic
waste materials for the production of efficient, low-cost, scalable,
locally available and renewable carbon materials for absorbents
or energy storage application [32]. This includes materials such
as waste tea-leaves [33], potato starch [34], fish scale [35], rice
husk [36] and waste coffee beans [37]. However, reports on the
use of activated carbon from pine cones (PCs) for supercapacitor
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application are few [38,39]. PCs are in the genus Pinus family of the
Pinaceae, with a major constituent of cellulose, hemicellulose, lig-
nin, resin and tannins [40,41]. Common methods of activation of
the pinecone (PC) have been extensively carried out earlier by
other researchers for the production of activated carbons for absor-
bent applications including dye wastewaters, nitrate uptake and
removal of lead (II) ions from aqueous solutions by adsorption
[41–43]. There are very few reports on the use of pine cone derived
carbons for energy storage applications. For example, Karthikeyan
et al. [44] reported very high surface area activated carbons syn-
thesized from pine cone petals. Similarly, microporous carbon
were derived from pinecone hull and tested as anode material
for lithium batteries, which retained a discharge capacity of
357 mA h g�1, and a coulombic efficiency of 98.9% at current den-
sity of 10 mA g�1 [44], and we recently reported a symmetric cell
based on PC with energy density of 19 W h kg�1 in neutral elec-
trolyte [39]. Our choice of PC is due to the fact that they are natu-
rally abundant in large amounts especially in Africa and many
countries across the world and can be activated by a facile activa-
tion method to produce porous carbons in large quantity.

This article, demonstrate the production of high surface area
porous activated carbon material by direct carbonization of chem-
ically activated PCs and expandable graphite and further investi-
gate its electrochemical properties as a suitable electrode for
supercapacitor application. The results obtained from asymmetric
supercapacitor with APC and AEG electrodes show significant
improvement as a supercapacitor device.

2. Materials

Nickel foam (Alantum Innovation, Munich, Germany), Expand-
able graphite (grade ES 250 B5 from Qingdao Kropfmuehi Gra-
phite), Polyvinyl alcohol (PVA) (Mw 89,000–98,000 g mol�1

Sigma Aldrich), Polyvinylpyrrolidone (PVP() Mw 10,000 g mol�1

Sigma Aldrich), Potassium hydroxide) Sigma Aldrich(, were used
as received for the preparation of materials.

2.1. Material synthesis

Activated expanded graphite (AEG) was produced according to
Ref. [45]. Briefly, graphite sample was expanded using a micro-
wave oven and dispersed in 100 ml of 10 wt% Polyvinylpyrrolidone
(PVP) and the mixture was sonicated for 12 h. 5 g of KOH was then
added to the solution, and the mixture was further stirred for 2 h at
60 �C. The solid powder obtained was dried at 70 �C for 12 h. The
dried solid powder was then activated in a horizontal tube furnace
ramped from room temperature to 800 �C at 5 �C/min under argon
and hydrogen gas flow. This procedure transforms the EG solid pre-
cipitate into flakes of carbon material denoted as activated
expanded graphite (AEG). Fig. 1 presents an illustration of the pro-
Fig. 1. Schematic showing the preparati
cedure adopted in the production of activated pine cone carbon
(APC). Briefly, The PC was crushed and then activated KOH solution
with a KOH/PC mass ratio of 4:1 for 24 h and dried at 80 �C for 12 h
followed by carbonization by ramping from room temperature to
800 �C at a ramp rate of 10 �C/minute, in the presence of argon
and hydrogen gasses for a 2 h of carbonization. The ratio of 4:1
was chosen after a series of optimizations, and it was observed that
at 800 �C the highest specific surface area with a reasonable
amount of micropores needed for energy storage was attained at
this ratio. Thereafter, the tube was naturally cooled down to room
temperature prior to the collection of the sample, which was
washed with diluted hydrochloric acid to and deionized water
before being dried.

2.2. Material characterization and electrode fabrication

The scanning electron micrographs (SEM) were obtained from a
Zeiss Ultra Plus 55 field emission scanning electron microscope
(FE-SEM) operated at an accelerating voltage of 2.0 kV. X-ray
diffraction (XRD) measurement was carried out using the XPERT-
PRO diffractometer (PANalytical BV, the Netherlands) with theta/-
theta geometry. Qualitative phase analysis of samples was con-
ducted using the X’pert Highscore search-match software at
room temperature, while gas sorption measurement was carried
out using the Micromeritics TriStar II 3020 (version 2.00) analyser,
the samples were degassed at 150 �C for more than 12 h under vac-
uum conditions. The surface area value was obtained by the Bru
nauer–Emmett–Teller (BET) method. The electrodes were prepared
in a similar manner to Ref. [37], i.e. mixing the active materials and
Polytetrafluoroethylene (PTFE) as a binder with a weight ratio of
90:10, which was homogenized and dispersed in N-methyl pyrroli-
done (NMP) solution. The resulting paste was then uniformly
coated on a nickel foam current collector and dried at 60 �C in an
oven for 8 h to ensure complete evaporation of the NMP. The elec-
trochemical test of the symmetric cell was carried out in a two
electrode cell configuration in coin cells with a thickness of
0.2 mm and a diameter of 16 mm. A glass microfiber filter paper
was used as the separator and the gel electrolyte prepared from
PVA/KOH/carbon black (PKC) used as electrolyte [46] and the elec-
trochemical measurements were carried out using a Bio-logic
VMP-300 potentiostat.

3. Results and discussion

3.1. Morphology

Fig. 2(a) and (b) shows the surface morphology of the pine cone
before and after activation with the fibrous, cellulose like surface
are observed before activation. After activation (Fig. 2(b and c)
low and high magnification) transforms to porous structures suit-
on process for the synthesis of APC.



Fig. 2. SEM micrographs of (a) raw pine cone, (b and c) APC (low and high magnification), (d and e) expanded graphite and AEG, (f) EDS pattern of the APC and (g and h) low
and high magnification TEM of APC.
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able for high-performance supercapacitors. Fig. 2(d) and (e) shows
the surface morphology of the expanded graphite before and after
activation, showing a network of sheet-like carbon structure. The
formation mechanism of porous carbons with KOH is due the car-
bon gasification of the sample during the activation. During the
activation process, CO2 formed from K2CO3 in the annealing pro-
cess is released and becomes significant at high temperatures.
The released CO2 then react with hydrochar material from the pine
to open up closed pores and enlarge existing micropores. On the
other hand, the potassium-containing compounds, such as K2O
and K2CO3, can be reduced by carbon to form K metal, thus causing
the carbon gasification and hence the formation of pores [47]. The
activation process takes places according to the following reaction
[47];

6KOHþ C $ 2Kþ 3H2 þ 2K2CO3
Fig. 2(f) shows the EDS pattern of the APC sample predomi-
nantly showing the presence of carbon material with the highest
percentage. Fig. 2(g and h) shows the low and high magnification
TEM consisting of highly interconnected hollow and porous
spheres that overlap each other and some of the spheres are split
open. The diameters of some of the spheres ranges between 100
and 200 nm.

3.2. Structure

Fig. 3(a) presents the XRD results of the samples. The XRD peaks
of APC (JCPDS 00-008-APC0415) are identified with graphite peaks.
APC sample appears to be amorphous which is characteristic of
activated carbon. In other words, a broad diffraction peak with
the characteristic graphitic (carbon) peaks is recorded at a 2h value
of 26� (002). The intense graphitic peak at a 2h value of 26� was



Fig. 3. (a) XRD, (b) the N2 adsorption-desorption isotherm of APC and AEG, (c) the Raman spectra of APC and AEG.
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observed in the XRD pattern of AEG sample. This suggests the high
degree of crystallinity of the samples after activation [48].

The SSA of the samples was measured by the N2 isotherms at
77 K. Fig. 3(b) shows that both samples exhibit a type II isotherm
with an H4 behavior. This implies the presence of micropores
and mesopores in both samples. A small hysteresis loop observed
in these samples is attributed to the presence of the mesopores
in the material. The BET SSA of 808 m2 g�1 and 457 m2 g�1 were
measured for APC and AEG samples, respectively. Table 1 summa-
rizes all the information obtained from the gas sorption analysis.
From the table, the APC shows the highest micropore volume with
the smallest micropore diameter. These results suggest that this
material is suitable as supercapacitor electrode material. The
Raman data are presented in Fig. 3(c) for both carbon samples
showing the presences of both the D and G peaks which are finger
prints of carbon materials. The D-peak is defect induced, while the
G-peak first-order Raman scattering process in carbon materials
The AEG sample shows an additional peak at �2700 cm�1. This
peak corresponds to the 2D overtone of the D-peak and arise due
to the second-order process that involves two in-plane transverse
optical mode (iTO) phonons near the K point, and the D-band from
a second-order process that involves one iTO phonon and one
defect [49,50]. The presence of this peak in the AEG sample shows
a good degree of crystallinity when compared with APC sample.

3.3. Electrochemical analysis

Fig. 4(a and b) shows CV curves of APC and AEG electrode mate-
rials. They both reveal rectangular shapes which are a characteris-
Table 1
SSA measured parameters for the samples.

Samples Surface area (m2/g) Micropore volume (cm3/g

APC 808 0.28
AEG 457 0.17
tic of electrical double layer capacitor (EDLC). The operating
voltage for the APC electrode can withstand a potential of 1.2 V
vs. Ag/AgCl in negative potential as presented in Fig. 3 whereas
that of AEG is 1.0 V vs. Ag/AgCl in positive potential. Fig. 4(c) shows
the results of the CV plots for the APC material at 1.2 V and sweep
rates from 5 to 50 mV s�1. The CV plots are characterized with no
oxidation or reduction peaks corresponding to EDLC behavior.
The galvanostatic charge and discharge (CD) curves are shown in
Fig. 4(d), The CD lines plots are almost triangular and symmetric
which indicates a fast I-V response [51]. The measured value of
the specific capacitance (Cs) of the APC is 335 F g�1 at 0.5 A g�1

and decreased to 130 F g�1 at 10 A g�1 as shown in Fig. 4(e), show-
ing a stable reduction in the capacitance of the APC electrode mate-
rial with a considerable high increase in current density. Fig. 4(f)
demonstrates the stability of the electrode material by subjecting
it to continuous charging and discharging over several cycles.
The APC shows no capacitance loss after 10000 cycles. Only a small
rise in the capacitance (�2.8%) was observed, similar to observa-
tions made in Ref. [52], which was attributed to the possible bul-
ging of the active material due to the presence of defects, which
promotes electrolyte ions intercalation into the space generated
by the bulging. This leads to an extra accessible specific surface
area (SSA) and hence rise in the efficiency of the cell [52].

EIS was used to study the rate capability of the electrodes. The
Nyquist plot of the electrode material is shown in Fig. 5(a). The EIS
plot shows a semi-circle and a sloping line at both high and low-
frequency regions respectively. The intercept on the X - axis signi-
fied by RS represents the combined resistance of the electrolyte and
all the components present in the cell such as the electrodes,
) Cumulative volume (cm3/g) Pore diameter (nm)

0.13 2.98
0.07 4.05



Fig. 4. (a) CV of APC at different voltage windows in three electrodes in the negative potential window, (b) CV of AEG at different potential windows in the positive, (c) CV
curves at different scan rates, (d) the CD curves at different current densities, (e) the specific capacitance vs. current density and (f) Stability at 2 A g�1 for APC.

Fig. 5. (a) Nyquist plot and fitting curve with the circuit and (b) the C’ and C” vs. frequency of APC.
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separators and metallic casing. RS value of 0.35X was obtained
which shows a good conductivity and high quality of the electrodes
[53]. The diameter of the semi-circle (clearly shown as an inset to
the figure) is the charge transfer resistance (RCT) with a value of
2.1X which is attributed to the double layer capacitance (CDL)
and the redox reaction that might occur at the surface of the elec-
trode material. However, the resulting curve shows a deviation
from the theoretical behavior (parallel line) which is due to the
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presence of leakage current denoted by RL. The impedance
spectrum was further analyzed with the complex nonlinear least-
squares (CNLS) fitting method using the ZFIT software and the
circuit as shown in the inset to Fig. 5(a) based on the equivalent
RC model. The obtained plot also shows that the model used fits
well with the experimental data. The capacitance vs frequency
(Fig. 5(b)) was also used to check the charge propagation of the
electrode material. From Fig. 5(b) above, the C0 of the cell is
0.15 F while C00 which defines a relaxation time of �4.3 [54].

Fig. 6(a) shows the two-electrode asymmetric CV consisting of
APC as a negative electrode and AEG as the positive electrode.
The safe potential window chosen for this cell was 1.6 V. The CV
curves at this voltage preserved the rectangular shape demonstrat-
ing the capacitive behavior and high reversibility of the fabricated
device. The shape of the CVs is still preserved at higher scan rates,
signifying good rate capability and fast ions transportation. The
charge/discharge (CD) profiles are presented in Fig. 6(b). The CD
profiles show asymmetrical triangular shape, similar to the CD of
symmetric supercapacitor based on AEG [45].
Fig. 6. Electrochemical results of the fabricated device (a) CV from 5 to 100 mV s�1, (b) th
(d) floating time vs. CSP at 2 A g�1, (e) CV before and after cycling at 20 mV s�1 and (f) s
1 A g�1.
The corresponding electrode CSP vs. the current density and
Ragone plot (Fig. 6(c)) of the device is obtained from the equations
below [55–57]:

Csp ¼ ðIDtÞ=MDV ð1Þ

Emax ¼ 0:5CðDVÞ2 ¼ 1000ðCsp �DV2Þ=ð2�3600Þ ¼ ðCsp �DV2Þ=7:2
ð2Þ

Pmax ¼ ð3600� EmaxÞ=ðDt � 1000Þ ¼ 3:6� Emax=Dt ð3Þ
where Csp is the specific capacitance, Emax, the energy density, Pmax,
the power density, Dt is the discharge time (s), I is the current (A),
DV is the voltage window (V) and M is the total mass of the active
material in both electrodes (g). In the design of an asymmetric cell,
the voltage is dependent on the capacitance of the individual elec-
trode materials. Thus, it imperative to take care of the charge equal-
ity: Q+ = Q�, where Q+ and Q� are the charges in both electrodes
[58]. The loaded active mass was 2 mg for the cell. The fabricated
e CD profiles from 0.5 to 10 A g�1, (c) the CSP vs. the current density and Ragone plot,
elf-discharge of the asymmetric capacitor curves after the devices were charged at



Table 2
Performance comparison of this work with previous published work.

Precursor Potential (V) Capacitance (F g�1) Scan rate Electrolyte Energy (W h kg�1) Ref.

Birnessite-type manganese oxide/AC 1.8 27.3 1 mV s�1 1 M Na2SO4 9.4 [59]
Bamboo 3.5 146 0.2 A g�1 EMIM TFSI 6.1 [60]
Poly(vinylidene chloride) (PVDC) 4 38 1 mV s�1 1 M TEABF4 in PC – [61]
Polypyrrole (PPy) 2.3 290 0.1 A g�1 EMImBF4 – [62]
Coal tar pitch 1 224 0.1 A g�1 6 M KOH 7.8 [63]
Phenol-formaldehyde resin 1.3 105 – 1 M H2SO4 – [64]
APC/AEG 1.6 69 0.5 A g�1 Gel electrolyte 24.6 This work–

Fig. 7. Fitting self-discharging with (a) current leakage over a resistance model and, (b) diffusion-control process model.
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device had a CSP of 69 F g�1 at of 0.5 A g�1, energy density of
24.6 W h kg�1 at 400 W kg�1. These result are superior to previous
published supercapacitor results as shown in Table 2 below.

Fig. 6(d) shows the cycling test based on floating test to evalu-
ate the stability of the device. Floating test can be described by the
ageing phenomenon, i.e. a 10 h period of holding, followed by ten
CD at 2 A g�1 and capacitance is calculated from the tenth dis-
charge. This sequence is repeated 11 times, i.e. for a total floating
time of 110 h. During floating an increase in the capacitance was
observed, which is attributed to the incorporation of the ion into
the matrix of the electrode at the early stage of floating and the
CSP remains stable after 2.7% of capacitance increase after 110 h.
Fig. 6(e) presents the CV curves at 20 mV s�1 before and after float-
ing test with improved CV shape indicating improved rate capabil-
ity with a small current rise at the negative potential ascribed to H2

evolution.
Fig. 7(a) shows the self-discharge curve of the device recorded

after it was charged to 1.6 V at 1 A g�1. After 70 h, the cell still
maintains a significantly high voltage value of 1.12 V. This slow
self-discharge process suggests a good practical application of the
supercapacitor. The quick drop of the cell voltage at the initial
stage of the self-discharge is probably due to the decomposition
of the solvent which is water in this case, as explained by Chen
et al. [65]. Briefly, the solvent can be reduced on the cathode when
the cell is fully charged above the thermodynamic stability poten-
tial of water (1.23 V). This reduction can go on even after current
cut-off, leading to a quick decrease in the cathode potential. This
procedure is influenced by the surface property of the electrode
and is not diffusion controlled neither due to current leakage.
Therefore, any investigation of the self-discharge mechanism will
exclude this potential drop.

To establish the major mechanism dictating the self-discharge,
two well-accepted models were considered. The first model relates
to the self-discharge of the supercapacitor to current leakage over a
resistance R, using Eq. (4):

V ¼ V0exp
�t
RCð Þ ð4Þ

where V0 is the initial voltage of the device and C is the equivalent
capacity of the supercapacitor. Thus the plot of lnV vs t should give
a linear trend. However, our result deviates from this linear behav-
ior Fig. 7(a). This implies that the self-discharge observed here is not
caused by current leakage through a resistance. The secondmodel is
based on diffusion-control process. In other words, the stored
charges are lost due to out-diffusion of the electrolyte ions in the
electrical double layer. The voltage drop of this diffusion process
is dictated by the following Eq. (5):

V ¼ V0 �mt1=2 ð5Þ
where m is the diffusion, which is related to the initial voltage V0.
Our data fit well this model Fig. 7(b), showing that the dominant
mechanism influencing the self-discharge is diffusion control of
the electrolyte ions from the electrical double layer capacitor.

The device also shows markedly high electrical conductivity,
suggested by the EIS results (Fig. 8(a)). Fig. 8(a) presents the
Nyquist plot of the device and its corresponding equivalent circuit
as an inset. At the high frequency, the equivalent series resistance
(ESR or Rs) is the intercept to the x-axis. The ESR includes all the
resistance present in the device such as the electrolyte resistance,
the resistance between the contact and the electrode materials. At
the mid-frequency region, a small semicircle (inset to Fig. 8(a)) is
observed owing to the charge transfer resistance and mass trans-
port across the framework of the porous material and is depicted
by (Rct). At the low-frequency region, the curve displays a line
almost perpendicular to the y-axis signifying an ideal behavior of
the device. However, there is a divergence from this ideal behavior.



Fig. 8. EIS results (a) Nyquist plot and fitting, (b) Nyquist plot prior to and after floating test, (c) the phase angle as a function of frequency and (d) C0 and C00 .
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This divergence is attributed to the existence of a resistive element
associated with C. This resistance is denoted as leakage resistance
RL and is in parallel with C. The aberration from the perfect line
perpendicular to the y-axis is ascribed to a diffusion process that
takes place at the porous electrode-electrolyte interface and is usu-
ally characterized by the existence of a Warburg impedance ele-
ment denoted by W [66]. Ideally, the phase angle of the Warburg
impedance is �45�, since it represents a vector with equal real
and imaginary amplitudes. In practice, a deviation from that phase
angle is noticed and it has been attributed to porous nature of the
electrode materials with different pore dimensions which play cru-
cial role in the impedance analysis, for example, Song et al. [67],
simulated the effect of pore size distribution of the EIS and it
was observed that the Warburg impedance at low frequency
clearly depends on the porous size distributions.

The inset to the figure presents the RC circuit. The Rs is linked in
series with the capacitance, which is placed in parallel with the Rct.
The changeover from high to low frequency is modelled by War-
burg element which is in series with Rct. A perfect device in princi-
ple will give a vertical line parallel to the Y-axis at a low frequency
that which is modelled by C2 in the circuit diagram. The Rs and Rct

values recorded for the device are 0.28X and 0.25X, respectively,
which are small compared with what is obtainable in the litera-
ture. However, after floating, the electrical conductivity of the cell
degrades with increasing Rs and Rct values to 1.1X and 2.4X,
respectively due to the presence of hydrogen evolution. This is
accompanied by the increase in the diffusion length. The resistance
values obtained after floating measurements are still significantly
lower compared to a recent report based on biomass derived hier-
archical carbon nanostructures with resistance value of �4X [68],
suggesting the attractive electrical properties of the materials used
in this cell. The phase angle as a function of the frequency presents
a phase angle of �87� at low frequency (Fig. 8(c)), which is very
close to phase angle of �90� for ideal capacitive behavior. Further-
more, the cell shows an appealing time constant as low as 400 ms
which corresponds to the characteristic frequency at �45�. This
value is much lower than value reported by Zhu et al. [68] who
found a time constant value of 900 ms for biomass-derived hierar-
chical carbon nanostructures and even significantly lower than
that of activated carbon (10 s) [69,70]
4. Conclusion

Low-cost porous carbon prepared from expanded graphite and
pinecone with SSA of 457 m2 g�1 and 808 m2 g�1, respectively
were tested as active electrode materials for supercapacitor. An
asymmetric device fabricated shows a CSP of 69 F g�1 at 0.5 A g�1

with an energy density of 24.6 W h kg�1 at a power density of
400 W kg�1. This asymmetric device also displays excellent stabil-
ity after 110 h of voltage holding in gel electrolyte, demonstrating
that asymmetric configurations based on different carbon material
hold a great potential for improved electrochemical performance
in electrochemical energy storage. This work demonstrated the
use of abundant biomass as raw material for the synthesis of AC
with good electrochemical properties. The long self-discharge time
is very interesting for this material; however, the specific capaci-
tance will need to be improved by functionalizing the material.
Supercapacitor based on renewable pinecone can be used for
energy saving and reduction of power peak demand in electronic
device [71] and also can be used in battery/supercapacitor hybrid
energy storage system for electric vehicles [72,73]. In the future,
this cell could also be tested in an Ionic liquid or organic electrolyte
with wider working potential in order to further enhance the
energy density of the cell.
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