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Summary

Currently, more than 80% of commercial supercapacitors utilize chemically synthe-

sized carbon nanomaterials which are expensive and necessitates non-renewable

resources. Employing renewable, environment friendly and naturally available bio-

mass feedstock as precursor for producing carbon materials is a low-cost and sus-

tainable way for designing the electrodes of supercapacitors. In the present study,

high surface area hierarchical porous multilayered graphene-like carbon is

obtained via room temperature sono-exfoliation of the activated carbon synthesized

via simple and environmentally friendly hydrothermal carbonization and potas-

sium bicarbonate activation of waste hazelnut shells as the precursor. The high sur-

face area graphene-like carbon showed excellent electrochemical performance

with specific capacitance of 320.9 F g�1 at 0.2 A g�1 current density and exceptional

capacitance retention of 77.8% at 2 A g�1 current density after 10 000 cycles in 1 M

Na2SO4 electrolyte. Moreover, flexible supercapacitors fabricated using sono-

exfoliated graphene-like activated carbon coated stainless steel mesh electrodes and

biopolymer gel electrolyte exhibits an outstanding energy density of 38.7 W h kg�1

and power density of 198.4 W kg�1. These results show that mechanically exfoli-

ated graphene-like activated carbon derived from hazelnut shells exhibit superior

electrochemical performance that can compete with other activated carbon mate-

rials used in energy storage devices for real time applications.

KEYWORD S

activated carbon, biomass, bio-polymer electrolyte, flexible supercapacitor, graphene,
hazelnut shell, sono-exfoliation

1 | INTRODUCTION

Flexible supercapacitors are regarded as the “go to”
energy storage devices for portable and wearable elec-
tronics because of their ability to adapt to different wear
and tear environments without compromising their

electrochemical performance in addition to promising
features such as high energy/power density, longer life-
time and faster charge/discharge kinetics.1,2 Carbona-
ceous materials such as carbon nanotubes and graphene
are the first choice for electrode materials in supercapaci-
tors because of their high chemical and mechanical
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stability, extremely high specific surface area (SSA), and
high electrical conductivity.3,4 But from a sustainability
point of view, these materials are not preferable as they
utilize fossil fuels as their main precursors.5 In recent
years activated carbon developed from natural agricul-
tural and forestry wastes has garnered much attention
because of their rich availability in nature, as well as
being cheap and renewable unlike fossil fuels.6,7 Biomass
derived activated carbon has unique features such as
tuneable pore structures, high specific surface area, easily
modified surface chemistry, excellent electrical conduc-
tivity, simple and cost effective preparation process, and
are environmentally friendly.8,9 Generally, the type of
biomass carbon precursor and their inherent textural
characteristics significantly impact the electrochemical
properties of activated carbon electrodes. Over the last
two decades, many biomass-derived activated carbon
materials, particularly from nutshells, have shown prom-
ising electrochemical performance for energy storage
applications, such as activated carbons derived from
coconut shells,10,11 palm kernel shells,12 peanut
shells,13,14 walnut shells,15 macadamia,16 and pistachio
shells17 etc. Nut shells possess a high carbon and low ash
content, hard texture and large micropore volume. More-
over, they are rich in lignin and cellulose which makes
them promising feedstock for producing value-added
porous activated carbon materials suitable for a diverse
range of carbon-based applications.18

Corylus avellana, commonly known as hazelnuts
or European hazel, are cultivated extensively in
United States and European countries. They have signifi-
cant commercial value in the food industry as a raw mate-
rial for producing chocolate, nougat cookies, nut spreads,
breakfast cereals and also in processed formulations such
as hazelnut oil or praline paste.19 Table 1 shows the chem-
ical composition of hazelnut shells compared with other
nut-shells. The chemical composition, which includes lig-
nin, cellulose, and hemicellulose, is one of the crucial
parameter to select the raw materials for activated carbon
production. According to the previous studies on biomass
activated carbon for supercapacitor application, high sur-
face area carbonaceous materials are obtained from the

biomass with high percentage of lignin. It can be observed
from Table 1 that hazelnut shells are rich in lignin and cel-
lulose which makes them a suitable candidate for the pro-
duction of high surface area activated carbon for
supercapacitor applications. Moreover, hazelnut shells are
the leftover by-products after hazelnut processing and
have been traditionally considered to have little/no com-
mercial significance. However, transforming these hazel-
nut shells into activated carbon could be beneficial owing
to their high lignin and cellulose content. Activated carbon
derived from hazelnut shells has been mainly studied for
applications in CO2 adsorption, as biosorbent for the
recovery of Lithium, heavy metal ion adsorption, and
more recently in supercapacitor electrodes.20-22

Theoretically, specific capacitance of biomass carbon
electrodes is directly related to the pore structure and sur-
face area of activated carbon electrode materials.30 To
achieve high specific surface area activated carbon from
the biomass, in addition to the selection of precursor and
activating agents, synthesis parameters such as impregna-
tion ratio (biochar/ activating agent ratio), holding time
(constant time at which the samples are annealed at a par-
ticular temperature), and holding temperature (constant
temperature at which the samples are annealed for a con-
stant time) play an important role. Suitable optimization
needs to be carried out to obtain biomass activated carbon
with a high specific surface area and pore volume which
helps in enhancing energy storage. Traditionally, chemical
activation is widely employed to obtain porous activated
carbon material with well-defined pore size distribution.
But the final products suffer from disordered carbon struc-
tures with large numbers of defects in the carbon frame-
work. Hence, most of the time high temperature
graphitization is used to obtain graphene-like activated
carbon material with fewer defects and layered morphol-
ogy. But these methods are neither economical nor scal-
able. In the present study, a particularly effective strategy
of sono-exfoliation has been explored to solve these issues.

Because of its simplicity, low cost, and scalability,
sono-exfoliation has gained renewed interest among aca-
demia and industry. Due to its high exfoliation efficiency,
sono-exfoliation is regarded as an important method for

TABLE 1 Chemical composition of

different types of nut shells
Biomass Lignin Cellulose Hemicellulose Ref

Palm shells 53.4 29.7 47.7 23

Peanut shells 26.4 40.5 14.7 24

Hazelnut shells 43.1 27.5 24.7 25

Walnut shells 48.1 23.9 22.2 26

Almond shells 29.54 38.48 29.54 27

Cashew nut shells 7.45 11.5 7.35 28

Macadamia nut shells 40.1 29.5 30.0 29
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producing graphene via exfoliating graphite in liquid
medium. The steps involved in the sono-exfoliation pro-
cess are as follows: (1) dispersion of graphite in a solvent,
(2) exfoliation using probe sonication, and (3) purifica-
tion.31 The use of an external driving force, such as ultra-
sonic waves, overcomes the Van der Waals interactions
between the graphite layers, allowing the solvent mole-
cules to intercalate.32 Even though, sono-exfoliation is
widely employed for producing high quality single or few
layered graphene from bulk graphite, this method has
been rarely explored for biomass activated carbon. Pur-
kait et al. employed sono-exfoliation to create few layer
graphene (FLG) sheets from peanut shells activated car-
bon for supercapacitor applications. As reported by them,
the FLG material possessed a porous surface with pro-
foundly broken sheet structures with high surface area
(2070 m2 g�1) and excellent specific capacitance of
186 F g�1. Their research paved the way for synthesis of
graphene like structures with high surface area and
excellent electrochemical properties, from porous acti-
vated carbons.13 Thus in the present study, room temper-
ature sono-exfoliation is employed to produce high
surface area porous activated carbon with graphene like
structures from hazelnut shells.

Electrolytes also play a significant role in supercapaci-
tors and it is imperative to use low cost, environmentally
friendly electrolytes with high ionic conductivity, a wide
voltage window, low flammability and volatility, good
electrochemical and thermal stability.33-35 A plethora of
research has been reported on synthetic polymers (such
as PVA, PEO, PAA, PMMA etc.) as the host polymer

matrix to develop salt polymeric complex electrolytes.36,37

However, even though synthetic polymers offer signifi-
cant performance when used as electrolytes in supercapa-
citors, most of them are non-degradable materials.
Whereas natural biopolymers such as chitosan, agar, and
cellulose derivatives are biodegradable and have less/no
impact on the environment since they are obtained from
renewable resources.38 Hence in the present study,
hydroxyethyl cellulose (HEC) was employed as the host
polymer network to accumulate ionic species as the gel
electrolyte for solid-state supercapacitor applications. In
the present study, sono-exfoliated graphene-like activated
carbon derived from waste hazelnut shells has been used
as an electroactive material and cellulose derivative based
bio-polymer electrolyte as the ionic transport medium to
fabricate flexible supercapacitors exhibiting excellent
electrochemical performance with high specific capaci-
tance as shown in Scheme 1.

2 | EXPERIMENTAL PROCEDURE

2.1 | Materials

The hazelnuts were purchased from a local super market
and the nuts were separated from the shell. Potassium
bicarbonate (KHCO3), Sodium sulfate (Na2SO4), polyvi-
nylidene fluoride (PVDF) binder, 1-methylpyrrolidine,
sulfuric acid (H2SO4), Hydroxyethyl Cellulose (HEC)
were obtained from Sigma-Aldrich. Hydrochloric acid
was obtained from Fisher Scientific.

SCHEME 1 Schematic diagram showing the synthesis process along with the device performance
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2.2 | Synthesis of activated carbon from
hazelnut shells

2.2.1 | Hydrothermal carbonization and
activation

Initially, the hazelnut shells were washed with deionized
(DI) water, and then dried at 100�C for 24 h in hot air
oven. The dried hazelnut shells were pulverized to pow-
ders using a Fritsch ball mill and sieved using a 100 μm
mesh to collect fine powders of particle size ≤100 μm.
1.2 g of the obtained hazelnut shell powder was then
mixed with 15 mL of distilled water and sonicated for
15 min. The mixture was then transferred into a 45 mL
stainless steel autoclave and subjected to 180�C for 12 h.
After 12 h, the autoclave was removed from the furnace
and cooled down to room temperature. The resultant
hydro char was filtered, washed with DI water and etha-
nol several times before drying at 80�C in a hot air oven.39

2.2.2 | Activation of hydrochar using
different ratios of carbon to activating agent

For chemical activation at different ratios of Carbon:
KHCO3 agent, 1 g of hazelnut hydrochar was mixed with
1, 2, 3, or 4 g of KHCO3 using a mortar and pestle. The
mixture was then loaded into a ceramic boat and was
placed at the center of a tube furnace. Each sample
was activated for 2 h at 900�C. After 2 h, the furnace was
switched off and allowed to cool naturally. The activated
sample was taken out from the tube furnace and washed
with 1 M HCl, ethanol, and DI water several times to
remove any trace elements present in the sample until
neutral pH was obtained.40 The samples are termed as
ACHS (1:1, 900, 2), ACHS (1:2, 900, 2), ACHS (1:3,
900, 2), and ACHS (1:4, 900, 2) respectively.

2.2.3 | Activation of Hydrochar under
different holding temperatures

1 g of hazelnut hydrochar and 3 g of KHCO3 (1:3 ratio of
Precursor: Activating agent) was mixed using a mortar
and pestle. The mixture was then activated at different
temperatures [800, 900, and 1000�C] for 2 h. The furnace
was then switched off and allowed to cool naturally. The
activated sample was washed with 1 M HCl, ethanol, and
DI water several times to remove any trace elements pre-
sent in the sample until neutral pH was obtained. The
sample was then dried at 80�C overnight in a hot air
oven.40 The samples are termed as ACHS (1:3, 800, 2),
ACHS (1:3, 900, 2), and ACHS (1:3, 1000, 2) respectively.

2.2.4 | Activation of hydrochar under
different holding times

1 g of hazelnut hydrochar and 3 g of KHCO3 (1:3 ratio of
Precursor: Activating agent) was mixed using a mortar
and pestle. The mixture was then loaded into a ceramic
boat and placed at the center of a tube furnace. The sam-
ple was activated for 1, 2, 3 h at 900�C. After the sample
was activated for the specified time duration, the furnace
was switched off and was allowed to cool naturally. The
activated sample was then washed with 1 M HCl, etha-
nol, and DI water several times to remove any trace ele-
ments present in the sample until neutral pH was
obtained.40 The samples were termed as ACHS (1:3,
900, 1), ACHS (1:3, 900, 2), and ACHS (1:3, 900, 3)
respectively.

2.2.5 | Sono-exfoliation of hazelnut shell
derived activated carbon

The exfoliation of as obtained activated carbon ACHS
(1:3, 900, 2) was performed in a 10% H2SO4 aqueous solu-
tion using a probe sonicator for 60 min with a pulse on-
and-off time of 2 seconds. The sono-exfoliation process
was carried out using Cole Palmer CPX750 model probe
sonicator at an AC amplitude of 30% with a power of
750 W. The tip diameter used in this experiment was
6 mm, and it was dipped well into the solution but kept
at least 1 cm distance from the bottom of the beaker con-
taining the mixture. After 1 h, the final product was
washed well with DI water until it reached pH 7 and
dried at 90�C. For comparison purpose, ACHS (1:3,
900, 2) was also exfoliated under probe sonication for dif-
ferent time durations (30 min, 90 min, 120 min) and
under different AC amplitudes (20% and 40%).

2.3 | Preparation of electrode material
for electrochemical testing

Working electrodes were prepared by mixing Exf.
ACHS (1:3, 900, 2) and PVDF (90:10 ratio of AC:
binder) and ground in a mortar and pestle for 15 min.
Once the mixture was thoroughly mixed, a few drops of
NMP were added to prepare the slurry. The slurry was
then coated on an area of 1 cm � 1 cm and
3 cm � 3 cm on stainless steel mesh using doctor blad-
ing. The 1 cm � 1 cm coated mesh electrode was used
to study the electrochemical performance in aqueous
electrolyte and 3 cm � 3 cm coated electrodes were
used to fabricate solid-state flexible supercapacitor
using gel electrolyte.
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2.4 | Preparation of bio-polymer
electrolyte

In this study, a hydroxyethyl cellulose (HEC) based salt-
biopolymer complex was used as a gel electrolyte to fabri-
cate flexible supercapacitor devices. Na2SO4 was used as
the ionic salt to improve the ionic conductivity of the gel
electrolyte. Typically, 2 g of HEC was dissolved in 20 mL
of DI water at 90�C and stirred for 1 h. Next 2 g of
Na2SO4 dissolved in 10 mL of DI water was added drop-
wise for 15 min to the solution and stirred at 90�C for
another 1 h to produce a transparent HEC/Na2SO4 gel
electrolyte. Before assembling the flexible supercapacitor
device, the HEC/Na2SO4 gel electrolyte was coated on
the surface of the 3 cm � 3 cm electrodes with graphene-
like activated carbon and allowed to dry inside the fume
hood at room temperature overnight. A white colored
film/layer of HEC/Na2SO4 was formed on the surface of
both the electrodes. The electrodes with the gel layer on
the top were then carefully sandwiched without any sep-
arator and sealed tightly with vacuum sealer (soft vac-
uum mode). The sealed device was sealed tightly with a
pellet press machine under an applied pressure of 1 ton
for 5 min to improve the contact between the electrode
and electrolyte interface.

2.5 | Material characterization

The specific surface area and pore volume of the as pre-
pared samples were analysed via N2 adsorption/
desorption isotherm Brunauer-Emmett-Teller (BET) and
Non-Linear-Density-Functional-theory (NLDFT) method
using Micrometrics ASAP 2020 porosity analyser at 77 K.
The crystallographic nature of the samples was examined
by x-ray diffraction (XRD) using a Bruker D2 Phaser sys-
tem using monochromatic CuKα radiation with a wave-
length of 1.5406 Å. The samples were scanned in the
range 5–80� and an increment of 0.04 on the 2θ scale. The
substrates were set to a rotation speed of 8 per min
throughout the measurements. The morphological fea-
tures were obtained using FEI Quanta 250 FEGSEM using
5 kV electron beam. EDX spectra were acquired from the
full area of the corresponding 1000 � magnification
image using a 20 kV electron beam. Transmission electro-
scope microscope (TEM) images were obtained using a
JOEL 2100F FEG TEM operated with an accelerating volt-
age of 200 kV. The interlayer spacing between graphitic
carbon layers was calculated using imagej software. TGA
analysis was carried out using Perkin Elmer TGA 7 appa-
ratus under inert Ar atmosphere. FTIR analysis was per-
formed using Perkin Elmer FTIR sub tech within a
spectral range of 500 to 3500 cm�1. The mass loss as a
function of temperature was measured between 40 and

900�C at 10�C/min heating rate. X-ray photoemission
spectroscopy (XPS) analysis was conducted using a
Thermo Scientific K-alpha X-ray Photoelectron Spectrom-
eter (Thermo Scientific, East Grinstead, UK). High resolu-
tion photoemission spectra of specific element regions
(C1s, O1s, N1s) were collected at 40 eV pass energy of
hemispherical electron analyser with 0.05 eV energy step
size. Spectra were acquired using a monochromatic Al Kα

x-ray source with an output energy of 1486.6 eV with a
maximum x-ray beam spot size of 400 μm. Surface charge
compensation was obtained with a low energy dual-beam
electron/ion flood gun. Raman spectra were measured
using a WiTec Raman microscope with an excitation
wavelength of 532 nm within a spectral range of 500 to
3500 cm�1, to study the defective/graphitic nature of the
as prepared samples. The laser power was set to
14.92 mW after using 10X objective lens with an acquisi-
tion time of 10 s. Calibration was performed using a sili-
con standard (520 cm�1). Samples were analysed under
the microscope and five different spectra were recorded
from different parts of the sample, and averaged to gain a
representative spectrum using MATLAB script. All spec-
tra were normalized and Voigt fitting was used for the
devolution of the spectra with Fityk software.

2.6 | Electrical conductivity and
Electrochemical measurements

The DC electrical conductivity of powdered ACHS (1:3,
900, 2) and Exf. ACHS (1:3, 900, 2) samples are measured
using Linear Sweep Voltammetry (LSV) technique. The
samples were made into pellets by mixing 30 mg of Exf.
ACHS (1:3, 900, 2) and 3 mg of PVDF (90:10 ratio of AC:
binder) thoroughly in a mortar and pestle for 15 min.
Once the mixture was thoroughly mixed, the powder was
transferred into a circular pellet dyes which is then pressed
tightly using laboratory pellet press machine under 10 tons
pressure for 10 min. The pellets are then carefully sepa-
rated from the pellet dye and cut into rectangular shaped
pellets (L � w � t = 1.2 cm � 1 cm � 0.49 mm) as shown
in Figure S4A (Supporting information). Two-probe
method was used to measure the conductivity of obtained
pellets. LSV was carried out at room temperature using an
Autolab PGSTAT 302 N potentiostat/galvanostat with
FRA32M module. The electrical conductivity of the pow-
der samples was estimated by means of Equation (1)41:

σ¼ I
V
� t
A
¼ 1
R
� t
W �L

, ð1Þ

where the Resistance (R) was obtained by fitting the lin-
ear region of current-voltage (I-V) curve to Ohm's law, L
is the pellet length, w is the pellet width, and t is the
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thickness of the pellet placed between the two current
collectors (Copper tape in this case).

Three electrode and flexible symmetric two electrode
configurations were employed to investigate the electro-
chemical properties of the as-prepared activated carbon
coated stainless steel electrodes. Cyclic Voltammetry
(CV), galvanostatic charge-discharge (GCD), and electro-
chemical impedance spectroscopy (EIS) analysis were
carried out at room temperature using an Autolab
PGSTAT 302 N potentiostat/galvanostat with FRA32M
module. For a typical three electrode configuration, acti-
vated carbon coated stainless steel electrode, Ag/AgCl,
and Platinum rod were used as the working, reference,
and counter electrodes, respectively, and 1 M Na2SO4 in
DI water was employed as the electrolyte.

The specific capacitance Cs (Farad/g) was estimated
from galvanostatic charge-discharge measurements in
three electrode configuration by means of Equation (2)42:

Cs ¼ I�Δ t
mΔV

, ð2Þ

where I represent the current (in ampere), Δt is the dis-
charge time, m is the mass of the active material on the
electrode, and ΔV is the potential window.

The energy density is an important performance eval-
uation parameter and estimated using Equation (3)43:

Ed ¼ 1
2
Cs�ΔV2

3:6
: ð3Þ

Power density is another important parameter exten-
sively used to study the supercapacitor performance and
is given by Equation (4)43:

Pd¼Ed�3600
Δt

: ð4Þ

The flexible supercapacitor device with HEC/Na2SO4

electrolyte was subjected to electrochemical tests using a
two-electrode configuration to evaluate its performance.
The performance evaluation parameters, electrode spe-
cific capacitance Ces (F g�1), total capacitance (Ct) of the
device, energy density (Wh kg�1) and power density
(W kg�1), were estimated from galvanostatic charge-
discharge measurements in a two electrode configuration
by means of the following Equations.44:

Ct ¼ I�Δt
MΔV

, ð5Þ

Ces ¼ 4�Ct, ð6Þ

E¼ 1
2
Ct�ΔV2

3:6
, ð7Þ

P¼Ed�3600
Δt

, ð8Þ

where I represent the current (in ampere), Δt is the dis-
charge time, M is the total weight of active material
within the two electrodes, and ΔV is the potential
window.

3 | RESULTS AND DISCUSSIONS

In this study a two-stage hydrothermal carbonization
(HTC) and potassium bicarbonate activation was used for
the synthesis of high surface area porous activated carbon
from hazelnut shells. Before the hydrothermal carboniza-
tion and activation process was performed, the composi-
tion and thermal degradation of hazelnut shell powder
was characterized using CHN elemental analysis and
Thermogravimetric analysis (TGA) respectively. Accord-
ing to elemental analysis, the carbon, hydrogen, nitrogen,
and oxygen content in the hazelnut shell powder was
found to be 51.19%, 5.36%, 0.35%, and 43.1%, respectively,
which is similar to the value reported in the literature.
Yuksel et al. studied the valorization of hazelnut shell
waste in hot compressed water where they reported car-
bon, hydrogen, nitrogen, and oxygen content of 50.44%,
6.76%, 0.76%, and 41.92% respectively.45 Figure S1A
(Supporting information) shows the thermogravimetric
analysis (TGA) of raw hazelnut shell powder. The lignin,
cellulose, and hemicellulose that make up the hazelnut
shell degrade at different temperatures due to the differ-
ences in their structure and composition. As shows in
Figure S1A, the pyrolysis of hazelnut shell powder occurs
in three stages. The release of moisture in hazelnut shell
powder causes a slight initial weight loss of 7.6% between
40 and 180�C, corresponding to first stage of breakdown.
The second stage of volatization is called the active pyrol-
ysis area which is divided into two phases between
200 and 520�C corresponding to the decomposition of
hemicellulose and cellulose. The thermal decomposition
of hemicellulose begins exactly after 200�C with a weight
loss of 38% indicating the decomposition of hemicellu-
lose. And in temperatures between 330 and 520�C, a
weight loss of 29% is observed, indicating the breakdown
of cellulose. According to literature, the decomposition of
cellulose and hemicellulose for various biomass samples
occurs between 215–400�C.46,47 But from the graph, it
can be observed that there is a significant shift in peaks
toward higher temperature due to the strong
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intramolecular forces present between cellulose and
hemicellulose molecules. The decomposition of lignin
varies over a wide range of temperature from 520 to
900�C which is indicated by long tail after 520�C. This
area is called the passive area where the degradation
occurs very slowly leaving behind 19.56% of lignin-rich
carbonaceous biochar at 900�C. Thus, TGA gives impor-
tant information on the temperature regions one could
explore for producing the activated carbon. Nonetheless,
TGA data cannot be solely considered for setting up the
activation temperature because removing the volatile
fraction from pores requires a significantly higher tem-
perature (over 700�C). Moreover, carbonaceous materials
with high specific surface area and pore-volume have
been reported to be obtained if the activation process was
carried out at temperatures greater than 700�C.48 Hence,
in this present study, the starting temperature for potas-
sium bicarbonate activation was chosen to be 800�C
which is then followed by the optimization process with
respect to holding temperature, impregnation ratio, and
holding time.

Surface area, pore volume, and degree of graphitiza-
tion of the samples was tuned by varying the hydrochar
to KHCO3 ratio, holding time and holding temperature.
The samples are termed as ACHS followed by the corre-
sponding impregnation ratio, holding temperature and
holding time in brackets. Furthermore, sono-exfoliation
of activated carbon was performed to enhance the surface
area and degree of graphitization. The mechanically exfo-
liated samples are termed as Exf. ACHS (mentioned
along with the impregnation ratio, holding temperature,
and holding time). The effect of synthesis parameters on
the surface area and structural properties of the as-
obtained samples was studied using N2 adsorption/
desorption isotherms, X-ray diffraction (XRD), and
Raman spectroscopy. The compositional, structural, and
morphological features of the optimized samples were
studied using X-ray photoelectron spectroscopy (XPS),
Field Emission Scanning Electron Microscopy (FESEM),
and High-Resolution Transmission Electron Microscopy
(HRTEM). Furthermore, the electrochemical perfor-
mance of the various activated carbon samples was inves-
tigated and compared in a 3-electrode configuration
using 1 M Na2SO4 electrolyte using cyclic voltammetry
(CV), galvanostatic charge discharge (GCD), and electro-
chemical impedance spectroscopy (EIS). The feasibility of
the sono-exfoliated sample for the real time practical
application was studied by fabricating flexible supercapa-
citors using the bio-polymer (hydroxyethyl cellulose/
Na2SO4) electrolyte. Experimental section gives the
details of the methodology used for material synthesis,
electrolyte, and electrode formation and device fabrica-
tion and characterization.

3.1 | N2 adsorption/desorption isotherms

Figure 1 shows the N2 absorption/desorption isotherms
and pore size distribution plots of the activated
carbon samples produced under different experimental
conditions (impregnation ratio, holding time, holding
temperature, and sono-exfoliation). Table 2 gives the cor-
responding estimated values of the specific surface area
and pore volume for each of the samples. Nearly all the
isotherms resemble type IV curves according to IUPAC
classification models, manifesting interconnected micro/
mesoporous network.49 The hysteresis curves with H4
loop is observed in the relative pressure region of 0.4 to
0.9 P/P0 which indicates that capillary condensation
occurs in the mesopores.50 The sharp rise in the adsorp-
tion isotherm at low relative pressures that is, below 0.4
P/P0 is attributed to micropores. Hence, it can be con-
cluded that the resulting samples were mainly composed
of micro/meso porous structures which is beneficial for
charge transfer and storage. Pore size distribution plots
suggest the presence of mesopores sizes in the 2-5 nm
range (the highlighted region). Hence, even though the
pore size is around 2-5 nm in all ACHS samples, their
average pore volume varies drastically as shown in
Table 2. The mechanically exfoliated sample possesses
the highest pore volume of 1.87 cm3g�1 which suggests
that the sono-exfoliation not only separated the
graphene-like layers, but also corroded the carbon sur-
face further thus enhancing the pore volume and surface
area.13

3.1.1 | Effect of impregnation ratio (Carbon:
KHCO3 ratio)

The effect of varying the amount of activating agent on
the textural properties of the activated carbon prepared at
holding temperature of 900�C for 2 h was investigated
and the results are summarized in Table 2. It can be
observed that the BET surface area and pore volume
increased from 857 to 2112 m2 g�1 and from 0.57 to
1.57 cm3 g�1, respectively, as the impregnation ratio
increased from 1:1 to 1:3. Further increasing the impreg-
nation ratio to 1:4 resulted in a decrease in both the spe-
cific surface area and pore volume to 1782 m2 g�1 and
1.13 cm3 g�1 respectively. These experimental results
reveal that a higher impregnation ratio not only created/
added new pores but also enlarged the existing pores,
ultimately leading to structural contraction and collapse
of the pores. A similar, increase in the specific surface
area from 1243 m2 g�1 to 1642 m2 g�1 was reported for
activated carbon derived from hazelnut shells when the
biochar: KOH content was increased from 1:1 to 1:3.51 In
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another study, the surface area of activated carbon pre-
pared from α-D glucose using potassium bicarbonate as
activating agent was reported to decrease from 2230 to
2000 m2 g�1 when the impregnation ratio increased from
1:6 to 1:8.40 These results show that activated carbon
formed with an optimal impregnation ratio of 1:3, at a
holding temperature of 900�C and a holding time of 2 h
showed maximum surface and pore volume, indicating a

larger number of active sites for charge/ions storage at
the electrode/electrolyte interface.

3.1.2 | Effect of holding temperature

As indicated in Table 2, the surface area and pore volume
increased as the holding temperature increased from

FIGURE 1 N2 absorption/

desorption isotherms and pore

size distribution data of activated

carbon produced using different

(A and B) impregnation ratios

(C and D) holding temperatures

(E and F) holding times (G and H)

Activated carbon sample ACHS

(1:3, 900, 2) before and after

exfoliation. Pore size distribution

plots suggests the presence of

mesopores centered around

2-5 nm range (the highlighted

region). The as-synthesized

activated carbon samples are

termed as ACHS whereas the

sono-exfoliated samples are

termed as Exf. ACHS and are

mentioned along the

corresponding impregnation ratio

(Carbon: KHCO3), holding

temperature (�C), and holding

time (h) in brackets
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800 to 900�C but followed a downward trend when tem-
perature was increased further to 1000�C. A maximum
surface area of 2112 m2 g�1, with pore volume of
1.57 cm3 g�1, was obtained for the sample prepared at a
holding temperature of 900�C. These results indicate an
enhancement of the pore network with increase in hold-
ing temperature until 900�C, above which the network
began to break down resulting in a decrease in surface
area and pore volume for the sample prepared at a hold-
ing temperature of 1000�C. A similar type of phenomena
was reported for activated carbon derived from spruce
bark, where the surface area decreased from 2385 to
2155 m2 g�1 resulting from a collapse of porosity when
the temperature was increased from 900 to 1000�C.39

3.1.3 | Effect of holding time

The data in Table 2 show that with the increasing hold-
ing time, the surface area and pore volume of activated
carbon first increased when the holding time was
increased from 1 to 2 h, but then decreased for longer
times. At a holding temperature of 900�C and a holding
time of 2 h, the surface area and pore volume reached a
peak value of 2112 m2g�1 and 1.57 cm3 g�1 respectively.
This would suggest that during the first hour at that tem-
perature the formation of pores is initiated within the
carbon framework whereas during the next hour, further
etching/expansion of the pore network occurred thereby
increasing the surface area and pore volume. A further
increase in the holding time to 3 h, led to a decrease in
the pore volume due to the shrinkage in pore network.

Indeed, longer holding times at higher temperatures
leads to more damage to the porous framework. Hence,
an optimal temperature holding time of 2 h was selected
for further work in order to produce activated carbon
with a high surface area and pore volume.

3.1.4 | Effect of sono-exfoliation

The effect of mechanical exfoliation on the surface area
and pore volume is also revealed in Table 2. As noted
above, carefully designed layered carbonaceous materials
with good micro/meso porous framework is highly desir-
able for supercapacitors with high energy and power den-
sity. Materials with a high specific area and pore volume
can accumulate sufficient charge carriers (resulting in
high energy density) and provide faster charge transport
kinetics (resulting in high power density) which are
essential for electrochemical supercapacitor applica-
tions.8,49,52 In order to optimize these properties, the spe-
cific surface area and pore volume of activated carbon
samples produced from chemical activation can be fur-
ther improved by a simple sono-exfoliation process using
probe sonication. It is evident from the data in Table 2
that, sono-exfoliation not only improves the porosity of
the chemically activated samples but also reduces the
number of defects in the carbon framework, as also veri-
fied by from the Raman spectra (discuss below). Exfolia-
tion increased the surface area from 2112 to 2545 m2 g�1

with a high pore volume of 1.87 cm3 g�1 leading to more
active surface sites that are accessible to the electrolyte
ions. Recently, in-situ ultra-high-speed optical imaging
studies and acoustic field pressure measurements were
performed to gain new insights into the sono-exfoliation
mechanism of graphite. It was revealed that shock waves
with a pressure magnitude of up to 5 MPa and liquid-jets
with velocities of ca. 80 ms�1 from transient cavitation
bubble implosions were essential for the initiation and
propagation of the exfoliation process. On the other
hand, bubble oscillations associated with stable cavitation
were beneficial for promoting gentler delamination of
graphite layers.53

3.2 | Structural analysis

The XRD patterns of ACHS (1:3, 900, 2) and Exf. ACHS
(1:3, 900, 2) samples are shown in Figure 2A and the
XRD patterns of the remaining samples prepared under
different experimental conditions are shown in
Figure S1B (Supporting information). The appearance of
broad peak at 2θ = 26� and weak intensity peak at
2θ = 43� correspond to the (002) and (100) planes of

TABLE 2 Textural properties of the as-prepared samples. The

as-synthesized activated carbon samples are termed as ACHS

whereas the sono-exfoliated samples are termed as Exf. ACHS and

are mentioned along the corresponding impregnation ratio

(Carbon: KHCO3), holding temperature (�C) and holding time (h)

in brackets

Sample ID
Specific surface
area (m2 g�1)

Pore volume
(cm3 g�1)

ACHS (1:1, 900, 2) 857 0.57

ACHS (1:2, 900, 2) 1965 1.33

ACHS (1:3, 900, 2) 2112 1.57

ACHS (1:4, 900, 2) 1782 1.13

ACHS (1:3, 800, 2) 1383 1.02

ACHS (1:3, 1000, 2) 1838 1.25

ACHS (1:3, 900, 1) 1929 1.27

ACHS (1:3, 900, 3) 1868 1.21

Exf. ACHS (1:3, 900, 2) 2545 1.87
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graphitic carbon respectively.54,55 The existence of a
broad peak at 2θ = 23� in all of the samples is due to the
background intensity developed by the amorphous and
disordered carbon structures.56 The Raman spectra of
Exf.ACHS (1:3, 900, 2) and ACHS (1:3, 900, 2) samples
are shown in Figure 2B and those for the rest of chemi-
cally activated ACHS samples, sono-exfoliated ACHS
samples are shown in Figure S1C,D, respectively
(Supporting information). All the spectra consist of two
prominent peaks at 1336 and 1567 cm�1 which are
ascribed to the D and G bands respectively.39,57 The D-
band corresponds to the in-plane vibrations of disordered
sp2 carbon atoms whereas the G-band arises from the in-
plane vibrations of sp2 bonded graphitic carbon struc-
tures.57 The D and G bands of these biomass derived acti-
vated carbon samples are shifted to lower wavenumbers
when compared to traditional graphene58 (D band:
�1350 cm�1 and G band: �1590 cm�1) which may be
due to external factors such as differences in the

preparation conditions, mechanical compression and
thermal expansion etc.59 The position of the G-band is
particularly sensitive to the number of layers present in a
graphene sample. As the number of layers increases, the
band shifts to a lower wave number representing a slight
softening of the bonds with each addition of a graphene
layer.60,61 The sono-exfoliation process used in this work
resulted in delamination creating a greater number of
graphene-like layers in the exfoliated sample, as shown
in the HRTEM in Figure 3B. The presence of multiple
layers in the carbon framework shifted the position of G-
band to lower wave number than that of traditional sin-
gle or bi-layer graphene.52 The Raman peaks correspond-
ing to D and G bands are further deconvoluted into five
peaks.62 The fitting method employed was Voigt fitting as
shown in Figure 2C,D and the corresponding parameters
employed for peak fitting are given in Supplementary
Information Table S1 for both Exf. ACHS (1:3, 900, 2)
and ACHS (1:3, 900, 2) samples. The spectra of both

FIGURE 2 (A) XRD patterns of ACHS (1:3, 900, 2) and Exf. ACHS (1:3, 900, 2) samples (B) Raman spectra of activated carbon samples

Exf. ACHS (1:3, 900, 2) and ACHS (1:3, 900, 2) (C) Deconvoluted Raman spectra of Exf. ACHS (1:3, 900, 2) (D) Deconvoluted Raman spectra

of ACHS (1:3, 900, 2)
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samples include: D1-band at 1336 ± 1 cm�1, G-band at
1567 ± 1 cm�1, D3-band at 1600 cm�1, D2-band at 1453
± 20 cm�1, and D4 band at 1270 cm�1.62 The small peak
at 1270 cm�1 is ascribed to the disordered graphitic lat-
tice. The D1-band arises as a consequence of lattice dis-
turbance/defects present in the carbon materials. In
general, Raman spectra of pure and high-quality gra-
phene do not show the D-band. However, in the case of
activated carbon, the D-band always appears in the
Raman spectrum, indicating disorder of the carbonaceous
layers. The broad D-band is a result of the heterogeneity
and the presence of amorphous carbon or graphite. The
D2 band corresponds to the amorphous carbon material
present along with the distorted graphitic lattice of carbo-
naceous material. The D3 band in the spectra is related
to lattice vibration that corresponds to the G peak in the
bulk of a carbon material.59,63 The degree of graphitiza-
tion of all the samples is assessed using the ratio of area
under the D and G bands (ID1/IG). The lower the ID1/IG
ratio, the higher the degree of graphitization. The ID1/IG
values calculated from the area under the D1 and G

bands are given in Table S1. The ID1/IG ratio of the chem-
ically activated ACHS (1:3, 900, 2) sample is the lowest
(0.98) of all the chemically activated samples indicating
that a high degree of graphitization can be achieved for
the sample activated with carbon: KHCO3 ratio of 1:3, at
temperature of 900�C and holding time of 2 h. The degree
of graphitization is further increased during the sono-
exfoliation process thus separating the graphitic layers
leading to a decrease in the ID1/IG ratio (0.78). The lower
ID1/IG values suggest that the mechanically exfoliated
sample has a lower number of disordered carbon struc-
tures and more aromatic ring structures compared to
other chemically activated samples.13

In order to get the information related to the molecu-
lar structure (especially functional groups and bonds) of
the carbon material before and after exfoliation, Fourier
transform-infrared (FTIR) spectra of the samples were
collected and compared with each other as shown in
Figure S1E (Supporting information). FTIR spectra of
hazelnut shell derived activated carbon before exfoliation
[ACHS (1:3, 900, 2)] and after exfoliation [Exf. ACHS

FIGURE 3 (A-B) Transmission electroscope microscope (TEM) and High-Resolution TEM images of Exf. ACHS (1:3, 900, 2) sample at

different magnifications with FFT image of corresponding graphitic layers in the inset (C) Selected area diffraction pattern of Exf. ACHS

(1:3, 900, 2) sample (D) Field Emission Scanning Electron Microscopy image of Exf. ACHS (1:3, 900, 2) sample coated on stainless steel mesh

electrode (E) Magnified images of Exf. ACHS (1:3, 900, 2) coated on stainless steel mesh electrode
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(1:3, 900, 2)] are shown in Figure S1E. The spectra con-
sists of a broad peak between 1000 and 1300 cm�1 corre-
sponding to stretching vibration in C-O-C bonds. Two
characteristic peaks at 1574 and 1427 cm�1 are ascribed
to the C = C stretching vibration in aromatic carbon
rings and C-H stretching vibration respectively.64,65 The
broad peak at 3400 cm�1 is attributed the O-H stretching
vibration in carbonyl and phenyl groups.65 It can be
observed from the spectra that the intensity of C = C
band increased after sono-exfoliation process indicating
that this process can overcome the van der Waals forces
between the activated carbons and increase the C = C
bond content in the overall sample.

3.3 | Morphological analysis

TEM images of chemically activated ACHS (1:3, 900, 2)
sample and sono-exfoliated Exf. ACHS (1:3, 900, 2) sam-
ple are shown, respectively, in Figure S2A,B and in
Figure 3A,B. The TEM images of Exf. ACHS (1:3, 900, 2)
and ACHS (1:3, 900, 2) clearly indicates the presence of
ultrathin graphitized layers accumulated in the porous
carbon framework. TEM analysis revealed that the ACHS
(1:3, 900, 2) have few regions of graphitic carbon layers
in comparison to Exf. ACHS (1:3, 900, 2) sample which
consists of multilayers that are clearly observed in the
high resolution TEM (HRTEM) images shown in
Figure 3B. The porous nature was caused by the corro-
sion of KHCO3 under a high temperature of 900�C,
whereas the sono-exfoliation further delaminates the
microstructure of the activated carbon resulting in the
formation of multi-layered graphene-like carbon
nanosheets. Moreover, the spacing between the graphitic
layers has been increased (as seen from Figure 3B) after
sono-exfoliation which improves ion-transport properties
inside the porous framework and restricts the stacking of
these graphitic layers during the continuous cycling pro-
cess. Porous activated frameworks with graphene-like
features are particularly beneficial for supercapacitor
applications because the amorphous carbon provides
interconnected channels for the movement of electrolyte
ions inside the pores whereas the graphitic carbon pro-
motes fast ion-diffusion kinetics and charge storage at
the electrode/electrolyte interface. The Fast Fourier
transform (FFT) image of exfoliated graphene like carbon
with multi-layers are shown in the inset of Figure 3B,
which displays ring pattern formed from closely spaced
diffraction spots corresponding to hexagonal sp2 carbon
structures of the multilayer graphene.66 The selected area
diffraction pattern (SAED) showed the presence of amor-
phous phase indicating the porous nature of the sample
whereas the presence of faint diffraction spots along the

rings reveals crystallinity in the lattice structure due to
the presence of graphitic carbon enclosed in the porous
carbon framework.

The morphology of the Exf. ACHS (1:3, 900, 2) sample
coated on stainless steel mesh electrodes was viewed
using FESEM (shown in Figure 3D). The structure of the
sono-exfoliated sample is composed of agglomerated mul-
tilayer graphene-like carbon nanosheets with porous
amorphous carbon. The magnified image shown in
Figure 3E clearly shows the heterogeneity of the sono-
exfoliated sample consisting of porous amorphous carbon
and layered graphitic carbon.

3.4 | Compositional analysis

The chemical characteristics of Exf. ACHS (1:3, 900, 2)
and ACHS (1:3, 900, 2) was further analysed using XPS.
The survey scan of Exf. ACHS (1:3, 900, 2) is shown in
Figure 4A and the ACHS (1:3, 900, 2) sample is shown in
Figure S3A (Supporting information). The XPS spectra of
the as-prepared samples reveals the presence of oxygen
and nitrogen in addition to carbon, with O1s, N1s and
C1s peaks at 532 eV, 400 eV, and 284.5 eV respectively.
In order to analyse the nature of the heteroatoms present
in the as-prepared activated carbon samples, peak decon-
volution was performed and the corresponding parame-
ters are shown in Tables S2 and S3. The C1s spectra of
the samples are shown in Figure 4B and Figure S3B
(Supporting information). The C1s peaks have been
deconvoluted into four peaks centered at 284.5 eV (C-C/
C = C), 285.3 eV (C-O), 286.39 eV (C = O), and 288
± 0.2 eV (C-N)67-70 whereas the Exf. ACHS (1:3, 900, 2)
sample consists of one extra peak at 283.3 eV correspond-
ing to the C-C bond71 which can occur after sono-
exfoliation process. The 284.5 peak in the C1s spectrum
of the samples reveals that both the products (before and
after exfoliation) have graphite-like sp2 hybrid carbon. In
addition, the area under the peak at 284.5 eV is larger in
Exf. ACHS (1:3, 900, 2) than ACHS (1:3, 900, 2), which
indicates the content of sp2 is greater in the sono-
exfoliated graphene-like activated carbon. XPS results of
C1s spectra are in good agreement with the Raman
results where the ID1/IG ratio in the sono-exfoliated sam-
ple is lower, indicating sono-exfoliation improved the
quantity of sp2 hybridized graphitic carbons. Also, the
presence of O, N-based functional groups on the carbon
framework has been shown to enhance the wettability
and provide additional sites for charge storage.67 The
deconvoluted O1s spectra of Exf. ACHS (1:3, 900, 2) con-
firms the presence of C = O, C-O, and carboxyl func-
tional groups at the binding energy of 531.2, 532.5, and
534.2 eV respectively (Figure 4C).71,72 The trace amount
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of nitrogen functionalities in the as-prepared sample are
further characterized by deconvoluting N1s spectra. The
N1s spectra of Exf. ACHS (1:3, 900, 2) is shown in
Figure 4D and consists of three types of N bonded in the
form of pyridine-N, graphene-N, and oxidized-N posi-
tioned at 398.5 eV, 400.2 eV, and 402 eV whereas ACHS
(1:3, 900, 2), shown in Figure S3D, is composed of trace
amounts of only graphene-N and pyridine-N.73,74 The
area under the graphene-N peak is greater in sono-
exfoliated sample Exf. ACHS (1:3, 900, 2) than in the
chemically activated sample ACHS (1:3, 900,2). This
additional graphene-N content might be linked to the
increase in surface area where graphene-N becomes
active after the sono-exfoliation process. Sono-exfoliation
resulted in further etching of the carbon framework cre-
ating more pores at nitrogen atom locations in the carbon
framework. The elemental composition (ie, the relative
concentration of C, N, and O present in the samples) was
calculated from the core energy levels of individual ele-
ments using peak intensities. Before considering the peak
intensities, the core energy levels were normalized to
number of sweeps. Exf. ACHS (1:3, 900, 2) was primarily
composed of 91.97% C, 1.2% N, and 6.83% O with hetero-
atoms (N, O) originating from the hazelnut shells itself.

On the other hand, the ACHS (1:3, 900, 2) sample con-
sisted of 87.69% C, 0.51% N, and 11.8% O respectively. As
previously stated, the increase in N content might be
linked to the sono-exfoliation procedure which led to fur-
ther etching of the carbon framework, resulting in the
formation of new pores. Moreover, the increase in C con-
tent after exfoliation indicates that high quality sp2 car-
bon materials can be obtained by simple exfoliation of
chemically activated carbon. From the XPS analysis, it
was confirmed that the prepared samples mainly con-
sisted of oxygen functional groups with trace amounts of
nitrogen functionalities on the carbon framework. It is
generally observed that activated carbon with O, N- het-
eroatoms play a positive role in providing additional
pseudocapacitance, hydrophilicity, and promotes electron
transfer rate of the electrode material.67,75,76

3.5 | Effect of sono-exfoliation on
structural and morphological
characteristics of activated carbon

In this work, sono-exfoliation was employed to improve
the specific surface area and degree of graphitization of

FIGURE 4 (A) XPS survey spectra and high resolution (B) C1s (C) O1s and (D) N1s core level spectra of Exf. ACHS (1:3, 900, 2)
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activated carbon. Ultrasonic waves produce various dis-
tinct properties in liquids by acoustic cavitation, such as
bubble formation, growth, and implosive bubble collapse
as shown in Figure 5A, which can be used to exfoliate
the graphitic carbon trapped within the porous carbon.
According to the literature, during acoustic cavitation,
extreme pressures and temperatures are created, trigger-
ing a variety of physical and chemical reactions inside
the solution.77,78 When a bubble begins to explode, high-
pressure shock waves spread across the liquid media at
enormous velocities which are expected to exfoliate/
separate the graphitic carbon layers that are trapped
inside the bulk amorphous carbons as shown in
Figure 5B,C. As a result, the van der Waals interactions
between agglomerated carbon particles are broken,
resulting in an increase in C = C content in activated car-
bons. The increase in C = C is clearly visible in C1s XPS
spectra of Exf. ACHS (1:3, 900, 2) as compared to ACHS
(1:3, 900, 2) shown in Figure 4B and Figure S3B where
the area under C = C peak (284.5 eV) increased after
sono-exfoliation process. The decrease in ID1/IG also
shows the significance of sono-exfoliation in increasing
the graphitic content in the exfoliated Exf. ACHS (1:3900,
2) sample. Moreover, use of sulfuric acid (H2SO4) in the
sonication process further corrodes the surface of the
porous carbon framework resulting in the increase in
specific surface area and pore volume as shown in
Table 1. The effect of sono-exfoliation can also be found
in high resolution TEM images shown in Figure 3B and
Figure S2B where the number of graphitic layers found
in Exf. ACHS (1:3, 900, 2) (Figure 3B) are more compared
to ACHS (1:3, 900, 2) (Figure S3B) and the spacing
between the layers is larger in the former as compared to

latter. This indicates that the graphitic carbon layers that
are accumulated inside the chemically activated carbon
are loosened further because of the breaking of van der
Waals interactions between the agglomeration carbon
particles due to sono-exfoliation process. Furthermore,
after sono-exfoliation, the space between the graphitic
layers has been enhanced, which improves ion-transport
characteristics inside the porous framework and prevents
the graphitic layers from stacking during the continuous
cycling process. According to the results of this study,
sono-exfoliation of biomass activated carbon appears to
be a potential method for producing high surface area
graphene like activated carbon materials with potentially
good electrochemical performance.

3.6 | Electrochemical energy storage
analysis

The electrical conductivity of Exf. ACHS (1:3, 900, 2) and
ACHS (1:3, 900, 2) powder samples was conducted to
check the material's ability to conduct electrical current.
These measurements are performed using two probe
method using Linear Sweep Voltammetry (LSV) tech-
nique. Figure S4B (Supporting information) shows the
I-V graph of pellets made using Exf. ACHS (1:3, 900, 2)
and ACHS (1:3, 900, 2) measured at 5 mV s�1 scan rate
using LSV technique. The slope of the I-V graph in
Figure S4B was then substituted in Equation (1) to obtain
the electrical conductivity of the powder samples. The
conductivity of Exf. ACHS (1:3, 900, 2) was found to be
1.53 � 102 S/m whereas that of ACHS (1:3, 900, 2) was
calculated as 0.49 � 102 S/m. The high SSA and

FIGURE 5 Illustration of possible mechanism of porous activated carbon exfoliation
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improved degree of graphitization resulted in enhanced
electrical conductivity and reduced electrical resistance
for sono-exfoliated Exf. ACHS (1:3, 900, 2) sample as
compared to chemically activated ACHS (1:3, 900, 2)
sample. After performing electrical conductivity measure-
ments, the energy storage performance of the as-
synthesized ACHS samples coated on stainless steel elec-
trodes were investigated employing 1.0 M Na2SO4 aque-
ous electrolyte in a three-electrode configuration.
Figure 6A and Figure S5A,D (Supporting information)
shows the CV curves of the as-synthesized samples. The
cyclic voltammogram of all samples demonstrated rectan-
gular shaped curves within the �0.1 to 0.9 V operating
potential window (measured at a scan rate of 5 mV s�1),
which is a characteristic behavior of porous carbonaceous
materials. From Figure 6A it can be deduced that the Exf.
ACHS (1:3, 900, 2) sample exhibited a higher current and
a larger loop area indicating that a greater number of
active pores are participating in the charge storage mech-
anism.79 The reason behind this exceptional performance
is that the Exf. ACHS (1:3, 900, 2) sample possesses a
much higher specific surface area and pore volume com-
pared to all other samples (Table 2), due to greater degree
of graphitization, which is evident from the lower ID1/IG
values and higher N content. The presence of electron
donor heteroatoms such as N serves as an electron lone
pair to the amorphous carbon framework to enhance the
electron conductivity and provide pseudocapacitance.80

Furthermore, N-doping improves the wettability of the
electrode materials making it easier for the electrolyte
ions to reach the internal pores of the carbon framework.
The wettability of the electrode surface to the electrolyte
was verified using the contact angle measurement which
is used to study the interaction between the electrode sur-
face and probing liquid.81 In the present work, contact
angle measurements were performed on Exf. ACHS (1:3,
900, 2) and ACHS (1:3, 900, 2) coated mesh electrodes
employing stationary water contact angle using 1 M
Na2SO4 aqueous electrolyte as the probing solvent as
shown in Figure 6E,F. The electrolyte contact angle of
Exf. ACHS (1:3, 900, 2) electrode has been drastically
reduced to 86.50 (as shown in Figure 6E) as compared to
1000 of ACHS (1:3, 900, 2) electrode indicating better wet-
tability of sono-exfoliated sample. After sono-exfoliation,
the electrolyte contact angle has been much improved
which can be ascribed to the improved N-content of the
sono-exfoliated sample. The process of sono-exfoliation
improved the surface area and pore volume resulting in a
larger number of micro/meso pores in the activated car-
bon framework thereby providing more accessibility to
the electrolyte ions and improving the ionic transport.
The CV curves of the Exf. ACHS (1:3, 900, 2) sample are
shown in Figure 6B and resemble a quasi-rectangular

shape at higher scan rates within the operating potential
window range, indicating the superior capacitive behav-
ior at higher scan rates. The reason for this quasi-
rectangular behavior is the insufficient reaction time for
the electrolyte ions to access/pass through the deeper
pores of the electrode, resulting in the distortion of its
double layer behaviour.82 More specifically, the electro-
lyte ions diffuse through the inner pores of the electrode
material at lower scan rates where the entire active sur-
face sites of the electrode material might be utilized dur-
ing the adsorption/desorption process. In contrast, the
ionic movement in the electrolyte is restricted at higher
scan rates due to the limited reaction time and so, only
the external surface area of the material is utilized for
charge storage.83

Figure 6C and Figure S5B,E (Supporting information)
shows the Nyquist plots of all of the ACHS samples. It
can be observed from Figure 6C that the Exf. ACHS (1:3,
900, 2) sample shows a nearly straight line in the low fre-
quency region and a semicircle in high frequency region
indicating ideal capacitor behaviour.84 The x-intercept in
the high frequency region represents the equivalent series
resistance (Rs) which is a combination of the resistance
of the electrolyte, internal resistance of the active mate-
rials and the substrate, and the contact resistance with
the collector.85 The equivalent series resistance of the
ACHS (1:3, 900, 2) and Exf. ACHS (1:3, 900, 2) sample
were found to be �4.82 and 2.71 Ω respectively. In the
medium frequency region, the projected length of the
Warburg-type line on the real axis represents the ion dif-
fusion process from the electrolyte into the electrode
materials.86 The exfoliated sample showed the shortest
projected line on the real axis, implying superior ion dif-
fusion. Furthermore, the small semicircle in the middle
frequency region correspond to the electron transfer pro-
cess. It can be seen that the exfoliated sample has the
smallest semicircle diameter among all the samples, indi-
cating the lowest charge transfer resistance (Rct) of
0.69 Ω with most efficient charge transfer process.
Figure 6D shows the Bode plot of the exfoliated ACHS
sample. A phase angle of 75.48� at low frequencies was
observed for Exf. ACHS (1:3, 900, 2) which is nearly
equal to an ideal capacitive (C) behavior whereas the
phase angle of ACHS (1:3, 900, 2) was found to be 64.97�.
In addition, the characteristic frequency fo for the phase
angle of 45� is 0.19 Hz, which corresponds to a relaxation
time constant (τ0 = 1/f0) of 5.26 secs. The characteristic
frequency and relaxation time of chemically activated
carbon sample before exfoliation [ACHS (1:3, 900, 2)]
was found to be 0.08 Hz and 12.5 s which are consider-
ably higher than for the sono-exfoliated sample. The
relaxation time for a supercapacitor simply means that
the energy stored within a supercapacitor can be released
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within a period of 5.26 s at 0.21 Hz frequency.87 The inset
of Figure 6D shows the equivalent circuit utilized for fit-
ting the Nyquist plot for the Exf. ACHS (1:3, 900, 2) sam-
ple. The equivalent circuit is fitted with four different

components: Rs corresponds to the equivalent series
resistance, Rct corresponds to the charge transfer resis-
tance, CPE corresponds to the constant phase element,
and C corresponds to the Capacitive element respectively.

FIGURE 6 (A) Cyclic Voltammetry (CV) at 5 mV s�1 scan rate of ACHS (1:3, 900, 2) sample before and after exfoliation (B) CV of Exf.

ACHS (1:3, 900, 2) at different scan rates from 5-100 mV s�1 (C) Nyquist plot for ACHS (1:3, 900, 2) sample before and after exfoliation.

Inset shows the magnified Nyquist plots (D) Phase plot ACHS (1:3, 900, 2) sample before and after exfoliation. Inset shows the equivalent

circuit used to fit the Nyquist plots. All these measurements were carried out in 1 M Na2SO4 aqueous electrolyte in 3-electrode configuration

(E) Contact angle of Exf. ACHS (1:3, 900, 2) electrode (F) Contact angle of ACHS (1:3, 900, 2) electrode with inset showing the mesh

electrodes used for electrochemical and contact angle testing
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At high frequencies, the Rct-CPE circuit is responsible for
the transfer of ions between the micro/mesopores of the
electrode material, whereas the nearly straight line at low
frequency region is indicative of ideal capacitive behavior
which is in accordance with Nyquist plots. The capacitive
behavior is indicated by the C element in the equivalent
circuit

Figure 7A and Figure S5C,F (Supporting information)
shows the GCD curves of the as-prepared samples at
0.5 A g�1 current density. The GCD curves of all samples
displayed quasi-linear charge discharge characteristic
indicating the double layer behavior of all the carbona-
ceous samples. Moreover, the GCD curve of mechanically
exfoliated Exf. ACHS (1:3, 900, 2) electrode at 0.5 A g�1

current density showed a symmetric charge/discharge
curve with longer charge discharge duration indicating a
larger number of electrolyte ions have participated in the
charge/discharge process. The higher N content and spe-
cific surface area of the Exf. ACHS (1:3, 900, 2) sample
provided more accessible sites for the electrolyte ions
making the sono-exfoliated sample an excellent electrode
material for supercapacitor applications than the chemi-
cally activated samples. Figure 7B demonstrates the rate
capability of the device at higher current densities. The
electrode material maintained its quasi-linear charge/
discharge nature indicating the stability of the electrode
at higher current densities. The specific capacitance of
the Exf. ACHS (1:3, 900, 2) sample was calculated using
Equation (2) (experimental section) and found to be
320.9 F g�1 at 0.2 A g�1 current density and it reduced to
150 F g�1 at a high current density of 30 A g�1, clearly
demonstrating the rate capability of the exfoliated sam-
ple, where 46.7% of its capacitance is retained at higher
current densities. This reduction in Cs with increasing
current density can be understood since at higher current
densities the electrolyte ions have minimum probability
to access the inner pores of the electrode material. This
significantly reduces the electro-active surface area

hindering the formation of a double layer and decreasing
the value of Cs at higher current densities

88

In Table 3, the specific surface area and specific
capacitance of our carbon electrodes is compared with
the carbonaceous electrodes obtained from different plant
based, fruit based, and nutshells-based waste biomass
precursors reported in recently in the literature. The mor-
phologies of the most reported carbonaceous materials
from hazelnut shells,93 palm shells,12 and coconut-
shells10 was found to be dominated by a porous nature
with specific capacitance in the range of 170–350 F g�1.
On the contrary, micro/nano-porous carbons from pea-
nut shells,13 coconut shells91 possess dual morphology,
with porous carbons and sheet like morphology, but their
specific capacitance is limited to 186–268 F g�1 due to a
lower specific surface area. Hence, in order to increase
the specific capacitance, it is necessary to synthesize car-
bon materials with high layered structure and well-
distributed pore network without compromising its spe-
cific surface area and pore network in a simple and eco-
nomic way. From the results presented in this study, it
can be observed that the sono-exfoliated Exf. ACHS (1:3,
900, 2) graphene-like activated carbon electrodes possess
all the above-mentioned qualities with the specific capac-
itance 1.71 times higher than similar graphene-like mor-
phologies derived from waste peanut shells (186 F g�1).13

Table 3 further reveals that the sono-exfoliated sample
obtained from the hazelnut shells in the present study
has comparable, or higher, specific capacitance than the
activated carbon from hazelnut shells with substantially
larger specific surface area reported in literature. For
example, Xie et al.93 reported the preparation of high sur-
face area porous activated carbon from hazelnut shells
using two activating agents, zinc nitrate [Zn(NO3)2], and
potassium hydroxide (KOH), with a specific capacitance
of 239.8 F g�1 which is lower than that of Exf. ACHS
(1:3, 900, 2) reported in the present work [280.2 F g�1 at
0.5 A g�1]. Similarly, Liu et al.94 reported the preparation

FIGURE 7 (A) Galvanostatic charge-discharge (GCD) at 0.5 A g�1 current density of ACHS (1:3, 900, 2) sample before and after

exfoliation (B) GCD of Exf. ACHS (1:3, 900, 2) at different current densities (C) Cyclic stability profile of Exf. ACHS (1:3, 900, 2) coated

stainless steel electrode over 10 000 cycles at 2 A g�1 current density in 1 M Na2SO4 aqueous electrolyte using 3-electrode configuration
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of activated carbon from hazelnut shells via KOH and
phosphoric acid (H3PO4) activation which have a 26.6%
higher specific surface area than the current study but
the Cs are of the same order of magnitude, mainly due to
the P-doping caused by H3PO4 activation. Furthermore,
as shown in Table 3, the sono-exfoliated activated carbon
obtained from hazelnut shells showed higher electro-
chemical performance compared to the activated carbon
obtained from cashew nut shells,96 macadamia nut
shells,97 pineapple leaves,98 coffee grounds,99 banana
fibers,101 grape marcs,95 and peanut shells102 tested using
1 M Na2SO4 as electrolyte. From these examples, it can
be concluded that the sono-exfoliation, rather than utiliz-
ing additional high temperature chemical activation, is
an excellent room temperature approach to enhance the
electrochemical performance of activated carbon sam-
ples. The high specific capacitance of Exf. ACHS (1:3,
900, 2) can be attributed to the high specific surface area
and pore volume which provided more/wide active sites
for the electrolyte ions to access the carbon framework
whereas the graphene-like morphology offered low resis-
tance pathways within the interconnected carbon frame-
work for easier ionic diffusion during the charging/
discharging process. The energy and power density of the
electrode material are calculated using Equation (3) and
(4). The Exf. ACHS (1:3, 900, 2) electrode material exhib-
ited maximal energy density of 44.56 Wh kg�1 at a power
density of 102.11 W kg�1 at 0.2 A g�1and it retained

�46.7% of its energy density even under a high-power
output of 14 976 W kg�1, which clearly demonstrates that
the mechanically exfoliated sample has superior ability to
deliver stable energy while encountering high power. The
mechanical exfoliation of chemically activated carbon
not only facilitated the high surface area and pore vol-
ume combined with layered morphology, but also pro-
vided more/wide active sites for the electrolyte ions to
access the carbon framework.

The electrochemical cyclic retention of the Exf. ACHS
(1:3, 900, 2) supercapacitor electrode was investigated
under constant current charge/discharge method.
Figure 7C shows the percentage cyclic stability of the
electrode examined for 10 000 cycles at 2 A g�1 current
density ran over 19 days continuously without changing
the electrolyte during these cycles. It can be observed that
the percentage retention of capacitance increases for the
first 2100 cycles from 100% to 112.9%. This increase in
percentage capacitance retention may be due to the com-
plete activation of porous carbon electrode framework for
the adsorption/desorption of the electrolyte ions during
the initial 2100 cycles. Hence the capacitance of the elec-
trode increased to 112.9% of its initial value from the first
cycle to 2100 cycles which indicates the enhanced energy
retention properties. From �2100 cycles, there is gradual
and stable decrease in specific capacitance since it
reduced to 22.2% of its initial value after 10 000 cycles
showing the cyclic stability of the device. The reasons for

TABLE 3 Comparison of specific surface area (SSA) and specific capacitance (Cs) values for various nut-shells derived activated carbon

produced under different experimental conditions recently reported in literature

Biomass SSA (m2 g�1) Specific Capacitance (Cs) Electrolyte References

Chestnut shells 1252.5 173 F g�1 at 0.1 A g�1 6 M KOH 89

Chestnut shells 1829.7 238.2 F g�1 at 0.1 A g�1 6 M KOH 90

Coconut shells 1559 228 F g�1 at 5 mV s�1 6 M KOH 91

Coconut shells 1874 268 F g�1 at 1 A g�1 6 M KOH 92

Palm shells 74.76 F g�1 at 0.3 A g�1 1 M H2SO4
12

Peanut shells 2070 186 F g�1 at 0.5 A g�1 1 M H2SO4
13

Hazelnut shells 2694 239.8 F g�1 at 0.5 A g�1 6 M KOH 93

Hazelnut shells 3469 338 F g�1 at 0.2 A g�1 1 M Na2SO4
94

Grape marcs 2221.4 310 F g�1 at 0.5 A g�1 1 M Na2SO4
95

Cashew nut shells 900 214 F g�1 at 1 A g�1 1 M Na2SO4
96

Macadamia nut shells 2806 155 F g�1 at 1 A g�1 1 M Na2SO4
97

Pineapple leaves 131.5 F g�1 at 5 mV s�1 1 M Na2SO4
98

Coffee grounds 1960.1 287.9 F g�1 at 2 mV s�1 1 M Na2SO4
99

Areca fibers 250 47 F g�1 0.1 M Na2SO4
100

Banana fibers 1097 74 F g�1 at 0.02 A g�1 1 M Na2SO4
101

Peanut shells 1481.59 239.88 F g�1 at 0.5 A g�1 1 M Na2SO4
102

Hazelnut shells 2545 320.9 F g�1 at 0.2 A g�1 1 M Na2SO4 This work
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the gradual decrease in specific capacitance might be due
to the voltage drop in the electrode, electrolyte precipita-
tion over the course of time, change in concentration,
and ionic conductivity of the electrolyte.

3.7 | Solid state flexible supercapacitor

The electrochemical performance of the Exf. ACHS (1:3,
900, 2) coated stainless steel mesh electrodes were further
investigated in two electrode configuration using hydro-
xyethyl cellulose /Na2SO4 biopolymer electrolyte which
provides an operating potential window of 1.6 V (0 to
1.6 V). Figure 8A shows two CVs, one cycled from �0.8
to 1.6 V and the second is the same device cycled from
0 to 1.6 V at 25 mV s�1 scan rate. When a device is cycled
from negative to positive potential, there are increased
current levels due to the reversing the polarity of the
device. For activated carbon based symmetric supercapa-
citor devices, the capacitive nature of the device generally
relies on the rectangular shaped CV curve within a speci-
fied potential window. In our present study, we observed

that the CV curve remained rectangular in shape within
�0.8 to 1.6 V (negative to positive potential window) and
also between 0 to 1.6 V (positive potential window)
range. But in general, both the symmetric/asymmetric
supercapacitor devices should never be tested in negative
potential window because by doing so we are reversing
the polarity of the devices which severely impacts the
structural stability of the electrodes.103 Hence, it is always
advisable to test the devices with the potential starting
from zero and this particular study, the device is scanned
between 0 to 1.6 V potential window. As shown in
Figure 8B, the CV showed rectangular shaped curve at
5 mV s�1 indicating ideal double layer capacitance is
formed at lower scan rates. Moreover, there is little devia-
tion in its capacitive behavior at higher scan rates show-
ing good rate capability of the device. As shown in
Figure 8C, no obvious change in its double layer behavior
is observed when the CV was performed over extended
potential windows (from 0.8 to 1.6 V) indicating the sta-
bility of the device over different operating voltage
ranges. Figure 8D shows the Nyquist plot of Exf. ACHS
(1:3, 900, 2) symmetric device along with its equivalent

FIGURE 8 (A) Cyclic Voltammetrys (CVs) from �0.8 to 1.6 V and 0 to 1.6 V at 25 mV s�1 (B) CV plot at different scan rates (C) CV plot

at different potential windows (D) Nyquist plot of flexible supercapacitor device with sono-exfoliated graphene-like activated carbon [Exf.

ACHS (1:3, 900, 2)] coated stainless steel electrodes and HEC/Na2SO4 bio-polymer electrolyte
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circuit model. The series resistance (Rs) of the device is
17.9 Ω which is the sum of electronic and ionic resistance
of two electrodes, electrolytes, and also the electrical con-
tacts used in the measurement. The diameter of the small
semicircle in between high to medium frequency region
gives the charge transfer resistance (Rct) of the gel elec-
trolyte ions inside the activated carbon framework. The
charge transfer resistance is found to be 4.4 Ω, indicating
the smooth ionic transport kinetics within the carbon
pores. A nearly vertical straight line is observed in the
low frequency region indicating the capacitive character-
istics of the device.

The GCD curves shown in Figure 9A demonstrated
good symmetry and linear charge/discharge profiles
within 0 to 1.6 V which indicates instantaneous forma-
tion of double-layer and effective ionic diffusion within
the electrode. From GCD curves, the total capacitance Ct

of the device at various current densities was calculated

according to Equation (5). It was observed that at lower
current density of 0.25 A g�1 a total capacitance of
101.7 F g�1 is obtained but at higher current density,
capacitance in HEC/Na2SO4 electrolyte dropped to
37.5 F g�1, that is, a 36.8% retention in capacitance when
the current density was increased to 30 A g�1, exhibiting
an outstanding rate capability. The GCD curves shown in
Figure 9B display linear charge discharge behavior over
wide potential ranges indicating the capability of the
device to exhibit a double layer mechanism. Figure 9C
shows the dependence of energy density on the potential
window. At lower potentials, the full capacity of the
device is not utilized properly. But at higher potentials,
the device is charged to its full capacity leading to a
higher discharge time and an increase in energy density.
Figure 9D shows the electrochemical cyclic stability of
the flexible supercapacitor device performed over
10 000 cycles [ran continuously for 12 days] at 5 A g�1

FIGURE 9 (A) Galvanostatic charge-discharge (GCD) plots at different current densities (B) GCD graphs under different potential

windows at 0.5 A g�1 current density (C) Dependence of Energy density on potential window at 0.5 A g�1 current density of flexible

supercapacitor device with sono-exfoliated graphene-like activated carbon Exf. ACHS (1:3, 900, 2) and HEC/Na2SO4 bio-polymer electrolyte

(D) Cyclic stability profile of flexible supercapacitor device with sono-exfoliated activated carbon Exf. ACHS (1:3, 900, 2) and HEC/Na2SO4

bio-polymer electrolyte over 10 000 cycles at 5 A g�1
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current density. The capacitance of the device progres-
sively increased during the first 1000 cycles with a 135.7%
increase in its capacitance and it then reduced gradually
and steadily thereafter, reaching 89% after 10 000 cycles.
The reason for the increase can be attributed to the com-
plete utilization of all the porous carbon framework by
the bio-polymer gel electrolyte whereas the decrease
might be attributed to the graphene-like structures in the
porous carbon framework which tend to stack during
continuous charge discharge cycles. A Ragone plot of Exf.
ACHS (1:3, 900, 2)-based flexible supercapacitor device
with HEC/Na2SO4 bio-polymer electrolyte [calculated
from the discharge curves using Equations (7 and 8)]

along with the data for bio-mass derived supercapacitor
devices recently reported in literature are shown in
Figure 10. Benefiting from the wider operating potential
(1.6 V) and high specific capacitance, the bio-polymeric
based flexible supercapacitor exhibits a high energy den-
sity of 36.2 Wh kg�1 at power densities of 199.7 W kg�1.
Owing to its good rate capability, at current density of
30 Ag�1, the flexible device still secured energy density of
13.3 Wh kg�1 even at higher power densities of
24 000 W kg�1 which is an attractive result and competi-
tive to most recently reported devices with nut-shells and
other biomass carbon electrodes.94,104-112 The reason
behind this excellent performance is attributed to the
graphene-like porous carbons with high surface area
obtained through sono-exfoliation process promoting fas-
ter ion-transport kinetics with high energy storage capa-
bility making them an ideal choice for supercapacitor
electrodes. To further demonstrate the mechanical stabil-
ity of the Exf. ACHS (1:3, 900, 2) based symmetric flexible
supercapacitor for practical application, CV was per-
formed on the device at different bending radius. As
shown in Figure 11A, the device can be mechanically
bent without sacrificing its structural integrity. Particu-
larly, the device can withstand different bending
positions(as shown in inset of Figure 11A) thereby
endowing them with great potential for practical applica-
tions. Figure 11A depicts the CV curves of symmetrical
device under various bending radius, demonstrating that
the electrochemical performance of the device remained
almost unchanged under mechanical bending. These
results show that the fabricated device possess excellent
stability and mechanical flexibility. In order to study the
commercial application and performance of the

FIGURE 10 Ragone plot of Exf. ACHS (1:3, 900, 2)-based

flexible supercapacitor device compared biomass-derived

supercapacitors reported recently in literature

FIGURE 11 (A) Cyclic Voltammetry curves of flexible supercapacitor at different bending diameters. Inset shows the photographs of

the device attached to three vials of different diameters (B) Discharge profile of two devices connected in series. Inset displays the

photograph of two flexible supercapacitor devices connected in series powering two LEDs under normal state and bending state
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developed device, two symmetrical flexible supercapaci-
tors were connected in series and two light emitting
diodes (LEDs) were connected in parallel were used to
discharge the device (inset of Figure 11B). After charging
the device using a constant DC power supply (3.2 V) for
60 s, the discharge profile was monitored as a function of
time (Figure 11B). A discharge voltage of 2.69 V [0.51 V
voltage drop] was observed which was monitored for
3600 s. For the first 960 s, the discharge-profile remained
linear which is in accordance with the carbon-based dou-
ble layer device characteristics. After 600 s, the discharge
voltage dropped below 1.6 V and the devices were unable
to power the LEDs as the minimum voltage required to
power them is 1.6 V. From �1200 s onwards, there is a
gradual drop in potential and since the LEDs are not
accepting any power, the supercapacitors maintained
0.81 V even after 3600 s (1 h). These results infer that the
fabricated devices with sono-exfoliated graphene-like
activated carbon coated stainless steel electrode and bio-
polymer electrolyte exhibits significant potential for
energy storage applications.

4 | CONCLUSIONS

Multi-layered graphene-like activated carbon were pro-
duced using simple sono-exfoliation of the chemically
activated carbon derived from hazelnut shells and used
as electrodes for symmetric flexible supercapacitor using
hydroxyethyl cellulose based bio-polymer electrolyte. The
structural and morphological analysis revealed the pres-
ence of graphene-like features embedded in a porous car-
bon framework. Spectroscopy studies revealed that the
sono-exfoliated carbon has lower degree of defects com-
pared to the chemically activated sample before sono-
exfoliation. Electrochemical tests in 1 M Na2SO4 aqueous
electrolyte revealed that the multi-layered graphene-like
activated carbon exhibited highest specific capacitance
with retention of 46.7% at 30 A g�1 current density, indi-
cating the high rate capability of the electrode material.
Also, graphene-like activated carbon showed a high-
power density of 14 976 W kg�1 corresponding to a high
energy density of 20.83 W kg�1 with outstanding capaci-
tance retention of 77.8% even after 10 000 charge/
discharge cycles repeated over 19 days continuously in
aqueous electrolyte. Most importantly, the assembled
flexible symmetric supercapacitor device with graphene-
like activated carbon can successfully operate within an
extended potential window of 0 to 1.6 V and offered high
energy density of 36.2 Wh kg�1 at power densities of
199.7 W kg�1. Moreover, the device displayed excellent
flexibility over different bending radii and illuminated
two green LEDs (connected in parallel) via discharging
two symmetric flexible supercapacitors connected in

series. This study demonstrates the potential of a simple
sono-exfoliation strategy to produce high performance
graphene-like carbon electrode material and the use of
bio-polymer electrolyte for developing flexible, portable,
and mechanically robust supercapacitor device using a
low cost, scalable, and eco-benign approach in order to
meet the energy requirements of flexible and wearable
electronics.
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