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ABSTRACT: Porous activated carbons from four types of corn
derivatives (husk, fiber, grain, and cob) are compared for the first
time regarding their structural, morphological, and electrochemical
characteristics for application as electrode materials in flexible
supercapacitors. Benefiting from its hierarchical porous structure,
appropriate amount of N and O functional groups, large specific
surface area (1804 m2 g−1), and high degree of graphitization, the
activated carbon from corn grains displayed the best electrochemical
performance as an electrode material for supercapacitor applications;
when tested in a three-electrode configuration, it had a high specific
capacitance (411 F g−1 at 1.0 A g−1) and an excellent rate capacity
(85.7% capacitance retention at 30 A g−1) in an aqueous 6 M KOH electrolyte. The high specific surface area and high degree of
graphitization of the activated carbon from corn grains (AC grain) played crucial roles in its excellent energy storage performance.
Most importantly, the flexible supercapacitor that was assembled with slot-die coated AC grain electrodes and a hydroxyethyl
cellulose (HEC)/KOH biopolymer electrolyte delivered an outstanding electrochemical performance with an energy density of 31.1
Wh kg−1 at 215 W kg−1 and ultrahigh cyclic stability (91.3% capacitance retention after 10 000 cycles at a current density of 5 A g−1).
Also, the assembled flexible supercapacitor maintained an energy density of 20.03 Wh kg−1 even under a high power density of 28.01
kW kg−1. These findings conclude that the porous carbon material obtained from corn grains has enormous potential as a high-
performance electrode material for supercapacitors.

1. INTRODUCTION
In the last two decades, the demand for flexible and portable
electronic devices has increased rapidly, which in turn has
necessitated the development of efficient and cost-effective
energy storage systems (ESS).1 Supercapacitors are considered
novel energy storage devices that have the potential to drive
flexible and wearable electronics. Supercapacitors possess
promising electrochemical features, such as rapid charging
and discharging, excellent cyclic stability, and superior energy
and power densities, which are all attractive features for an
efficient electrochemical energy storage device.2,3 Super-
capacitors are divided into two categories based on their
charge storage principles. Pseudocapacitors, which are
fabricated using conductive polymers and transition metal
derivatives (oxides, sulfides, etc.), primarily rely on fast and
reversible redox interactions between the electrode and
electrolyte to store charge. In contrast, electrochemical
double-layer capacitors mainly rely on carbonaceous materials
(graphene, carbon nanotubes, activated carbon, etc.) for the
electrostatic accumulation of charges at the electrode/electro-
lyte interface.4,5 Among the wide range of carbonaceous
materials, biomass-derived activated carbon has a highly
competitive edge toward supercapacitor electrodes because of
their hierarchical porous structure, tunable specific surface area
(SSA), good conductivity, excellent capacitive features with

high cyclic stability, and easy preparation process. Additionally,
biomass as an activated carbon precursor is a renewable,
sustainable, and eco-friendly resource.6,7

So far, activated carbons from various biomass sources such
as rapeseed meal,8 water spinach,9 cotton stalk,10 cherry
flowers,11 mango seeds,12 spruce bark, watermelon rind,13 tree
bark,14 and many more have been explored and investigated
for supercapacitor electrodes. Corn derivatives are the choice
of biomass precursors in this work, as they are inexpensive and
a readily available agricultural resource. According to a recent
report from the United States Department of Agriculture
(USDA), the global corn production for 2022/23 is 1161.86
million metric tons, out of which the United Kingdom alone
produces 25 000 t of corn. Corn is harvested and sold in the
form of corn kernels or whole corn (with the cob).
Commercially, corn kernels and seeds are utilized in cooking
or as a source of corn starch. The corn cob serves as a support
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structure for the kernels, while both the corn kernel and cob
are wrapped in a leaflike substance called the husk. Despite the
impact of open burning on the environment and public health,
it remains the most popular disposal method for corn residues
(husk, cob, and fibers), including those left behind after corn
processing, because it is easy to do and saves time and money
for farmers.15,16 Corn residues, a type of common biomass
waste, can be used to produce porous carbon materials, which
can further be used for electrodes in supercapacitors, thereby
solving the environmental issues arising from burning residues.
Several studies have been completed on the utilization of

corn derivatives such as corn husks,17 corn cobs,18−20 corn
stalks,21 corn grains,22 and corn stover23 for producing high-
SSA activated carbons for supercapacitor electrodes, as shown
in Table 1. For instance, Yu et al.24 pyrolyzed corn stalk cores
to produce high-SSA activated carbon (2350 m2 g−1), which
showed a specific capacitance of 140 F g−1 at 1 A g−1 in an
aqueous electrolyte. Similarly, Shi et al.25 prepared corn straw-
based activated carbon via a KOH activation process, which
displayed a high SSA of 1067 m2 g−1 and a high specific
capacitance of 239 F g−1 in a 6 M KOH electrolyte. Moon et
al.22 synthesized activated carbon from corn grains, and the
corresponding device displayed a specific capacitance of 257 F
g−1 in a 6 M KOH electrolyte. Lei et al.26 synthesized two-
dimensional sheet-like carbon nanosheets from corn stalk
biomass, which possessed a high SSA of 1736 m2 g−1 and
delivered an excellent energy density of 20.2 Wh kg−1 at a
power density of 398 W kg−1 when tested as an electrode for a
flexible supercapacitor device. Similarly, Zhang et al.18

converted corn cob to a high-SSA activated carbon material
(1471 m2 g−1), which showed an excellent capacitance of 293
F g−1 at 1 A g−1 in a 6 M KOH electrolyte. Moreover, the
assembled device with the same 6 M KOH electrolyte
exhibited an energy density of 20.2 Wh kg−1 at a power
density of 500 W kg−1 and retained 99.9% of its performance
after 4000 cycles. It is clear from these publications that the
researchers focused primarily on one specific corn residue as a
source for the creation of activated carbon. Although many
corn residues have been employed to make high-performance

activated carbons for use in supercapacitors, no study has yet
identified the ideal precursor for the synthesis of activated
carbon.
Additionally, it can be observed from the literature reports

summarized in Table 1 that the supercapacitor devices that
were made with activated carbon electrodes derived from corn
residues were evaluated either in ionic liquid electrolytes (1-
ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF4) or 1
M tetraethylammonium tetrafluoroborate in acetonitrile (1 M
TEABF4/AN)) or in aqueous electrolytes (6 M KOH, 1 M
H2SO4, or 1 M Na2SO4). Although aqueous electrolytes offer a
high electrochemical performance, their main drawbacks are
their volatility and narrow electrochemical potential window,
which puts restriction on the energy density of the device.27

For example, Wang et al.20 prepared a high-SSA porous carbon
material (2508 m2 g−1) through KOH activation using corn
cob as the precursor and reported the highest specific
capacitance of 560 F g−1 at a current density of 0.5 A g−1 in
a 6 M KOH electrolyte. However, this high-SSA corn cob-
based activated carbon exhibited a smaller energy density of
only 9.24 Wh kg−1 in the 6 M KOH electrolyte due to the
narrow potential window (1 V) provided by the aqueous
electrolyte. Yu et al.26 fabricated flexible supercapacitor devices
using a synthetic polymer-based PVA/KOH gel electrolyte and
corn stalk-derived activated carbon electrodes, which showed
an areal capacitance of 136 mF cm−2 at 0.5 mA cm−2; however,
the potential window of this device was limited to only 1 V.
Although synthetic polymers function admirably when
employed as supercapacitor electrolytes, the majority of them
are nondegradable. Ionic liquids, in contrast, have several
potential advantages, including good conductivity and ion
mobility, a wide electrochemical window, negligible volatility,
and nonflammability.28,29 Karnan et al.19 prepared corn cob-
based activated carbon with a high SSA of 800 m2 g−1 via a
chemical activation method, and the maximum energy density
of the device prepared with this corn cob-derived activated
carbon reached up to 25 Wh kg−1 at a power density of 174 W
kg−1 in an EMIMBF4 electrolyte. Similarly, a high energy
density of 20 Wh kg−1 was reported for a supercapacitor with

Table 1. Electrochemical Performance of Corn-Derived Activated Carbons for Supercapacitor Applications Recently Reported
in the Literature

three-electrode measurements device performance

corn residue
SSA

(m2 g−1) electrolyte
specific capacitance

(F g−1) electrolyte
energy density
(Wh kg−1)

power density
(W kg−1) cyclic stability ref

corn cob 1288.0 1 M
H2SO4

340.8 at 5 mV s−1 − − − − 32

corn straw 1067.1 6 M KOH 239 at 1 A g−1 − − − − 25
corn stalk
core

2349.8 − 140 at 1 A g−1 − − − − 24

corn starch 1239 6 M KOH 144 at 0.625 A g−1 − − − − 33
corn cob 1471.4 6 M KOH 293 at 1 A g−1 6 M KOH 20.15 500 99.5%, 4000 cycles at 2

A g−1
18

corn cob 800 1 M
H2SO4

390 at 0.5 A g−1 EMIMBF4 25 174 54%, 500 cycles at 0.1
A g−1

19

corn stalk 2152 6 M KOH 350.4 at 0.2 A g−1 1 M Na2SO4 10.01 249.9 99.8%, 10 000 cycles at 5
A g−1

21

corn cob 2508 6 M KOH 560 at 0.5 A g−1 6 M KOH 9.24 250 96.8%, 10 000 cycles at 1
A g−1

20

corn stalk 1736 − − 1 M Na2SO4 20.2 398 92%, 10 000 cycles at 5
A g−1

26

corn husk 1370 − − 1 M
TEABF4/AN

20 248 90%, 5000 cycles at 2
A g−1

17

corn stover 10.9 6 M KOH 242 at 0.05 A g−1 6 M KOH 9.9 2500 92%, 2500 cycles at 1
A g−1

23
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corn husk-based activated carbon electrodes in a 1 M
TEABF4/AN organic electrolyte.17 Even though the super-
capacitor devices with ionic liquid and organic electrolytes
showed higher energy densities and large operating voltage
windows, the majority of ionic liquid and organic electrolytes
have a number of significant limitations (such as high viscosity,
poor ionic conductivity, and high costs) that can restrict their
usefulness for supercapacitor applications on a large scale.30

Hence, there is a need for low-cost, eco-friendly solid-state
biopolymer electrolytes with a strong ionic conductivity, broad
potential window, minimal volatility and flammability, and
superior thermal and electrochemical stability. Biopolymer
(e.g., cellulose, agarose, chitosan)-based hydrogels have been
proposed as an appealing solution for flexible and intelligent
electrochemical energy storage systems due to their afford-
ability and biodegradability.31

Thus, in the present study, activated carbons derived from
different corn derivatives were investigated for their potential
applications as electroactive materials to fabricate solid-state
flexible supercapacitors with a HEC/KOH (hydroxyethyl
cellulose/potassium hydroxide) biopolymer gel electrolyte as
the ionic transport medium. The structural, compositional, and
morphological features of the activated carbons obtained from
the various corn derivatives (i.e., corn cob, corn husk, corn
fiber, and corn grains) were compared using gas sorption
analysis, X-ray diffraction (XRD), Raman spectroscopy, X-ray
photoemission spectroscopy (XPS), and field emission
scanning electron microscopy (FESEM) to obtain the optimal
precursor for fabricating flexible supercapacitors. According to
the analysis results, we conclude that the activated carbon from
corn grains possessed a hierarchical porous structure with the
highest specific surface area, a higher degree of graphitization,
and a higher carbon content with a small amount of O and N
heteroatoms (∼6% of O and N in this work) compared to the
other activated carbons. Benefiting from these physicochemical
properties, the activated carbon from corn grains (AC grain)
delivered a high specific capacitance of 411 F g−1 at 1 A g−1

current density and an outstanding rate capability in a 6 M
KOH electrolyte. Because none of the previous reports in the
literature employed biopolymer electrolytes, we used hydrox-
yethyl cellulose (HEC)/KOH as the gel electrolyte for
fabricating a flexible supercapacitor. The symmetric super-
capacitor fabricated with AC grains electrodes and the HEC/
KOH electrolyte displayed outstanding energy and power
densities of 31.1 Wh kg−1 and 215 W kg−1, respectively.
Furthermore, the as-prepared flexible supercapacitor retained
91.3% of its initial performance after 10 000 cycles at a current
density of 5 A g−1. To the best of our knowledge, this is the
first effort to conduct a comprehensive analysis of the activated
carbons synthesized from various corn parts for use in
supercapacitors.

2. EXPERIMENTAL SECTION
2.1. Materials and Methods. 2.1.1. Materials and Reagents.

Corn was purchased from a local supermarket in Glasgow, U.K.
Potassium bicarbonate (KHCO3, 99.7%), sodium sulfate (Na2SO4),
potassium hydroxide (KOH), polyvinylidene fluoride (PVDF) binder,
1-methylpyrrolidine, and hydroxyethyl cellulose (HEC) were
purchased from Sigma-Aldrich. Hydrochloric acid (HCl, 37%) was
purchased from Fisher Scientific. All of the chemicals were used as
received without any further purification.
2.1.2. Preparation of Activated Carbon from Different Parts of

Corn. The initial step of this research was to synthesize activated
carbon from different corn derivatives. For this purpose, corn husk,

corn cob, corn grains, and corn fiber were separated and dried at 100
°C for 48 h. A FRITSCH ball mill was employed to ground these corn
materials into powders, and the fine powders with a particle size of
≤100 μm were collected by sieving through 100 μm mesh. The
obtained powders were stored inside a hot air oven at 100 °C until
further use.
The corn-based activated carbon was synthesized via a carbon-

ization and activation process. First, the pulverized powder from a
corn derivative (i.e., husk, cob, grain, or fiber) was placed in a tube
furnace, and the temperature was ramped to 400 °C at a heating rate
of 10 °C min−1 under nitrogen flow. The powder was kept at this
temperature for 2 h to allow the carbonization process to take place.24

Then, the furnace was turned off and the powder was allowed to cool
naturally for 2 h. The carbonized powder from the corn derivative was
then subjected to chemical activation, in which the powder was
thoroughly mixed with KHCO3 in a weight ratio of 1:3 using a mortar
and pestle. After being mixed, the mixture was heat-treated at 900 °C
for 2 h under a nitrogen atmosphere. The furnace was turned off and
the mixture was allowed to cool naturally after the activation phase.
The activated sample was removed from the tube furnace and
repeatedly washed with 1 M HCl and deionized (DI) water until the
pH of the filtrate was neutral. The activated sample was then rinsed
with ethanol and dried at 100 °C overnight. The dried powder was
collected and then stored prior to further characterization. The
samples from the different corn parts are termed as AC grain, AC
husk, AC fiber, and AC cob.
2.2. Materials Characterization. X-ray diffraction patterns of the

synthesized materials were recorded using a Bruker D2 PHASER
system by employing monochromatic Cu Kα radiation (λ = 1.5406
Å). The substrates were set to a rotation speed of 8 degrees per
minute throughout the measurements. The SSA and pore volume of
the as-prepared samples were calculated using the Brunauer−
Emmett−Teller (BET) method and nonlinear density functional
theory (NLDFT) by employing a Micromeritics ASAP 2020 porosity
analyzer at 77 K. The samples were degassed for 3 h in a dynamic
vacuum at a temperature of 300 °C prior to the SSA investigations.
Raman spectra were recorded on a WITec Raman microscope (using
a laser power of 2.69 mW, a wavelength of 532 nm, an acquisition
time of 10 s, and a 100× objective lens). A FEI Quanta 250 FEGSEM
instrument with a 5 kV electron beam was employed to record the
morphology of the as-prepared carbon samples. High-resolution
transmission electron microscopy (HRTEM) measurements were
recorded on an FEI Titan Themis instrument operating at 200 kV and
equipped with a CEOS DCOR probe corrector, a SuperX energy
dispersive X-ray spectrometer (EDX), and a 4k × 4k Ceta CMOS
camera. A Thermo Scientific Kα X-ray photoelectron spectrometer
(East Grinstead, U.K.) was used for the X-ray photoemission
spectroscopy (XPS) studies. High-resolution photoemission spectra
of specific elemental areas (C 1s, O 1s, and N 1s) were acquired with
a hemispherical electron analyzer using a pass energy of 40 eV and an
energy step size of 0.05 eV. The spectra were taken with a
monochromatic Al Kα X-ray source with an output energy of
1486.6 eV and a maximum X-ray beam spot size of 400 μm. A low
energy dual-beam electron/ion flood cannon was used to compensate
for the surface charge. All of the XPS and Raman spectra were
normalized, and Fityk software was used to deconvolve the spectra
using Voigt fitting.
2.3. Electrode Preparation for the Three-Electrode and

Two-Electrode Measurements. For the three-electrode measure-
ments, a homogeneous slurry was prepared by mixing the electro-
active material (i.e., the activated carbon (AC) from corn grain, corn
husk, corn fiber, or corn cob) and PVDF in a weight ratio of 90:10,
along with a few drops of 1-methylpyrrolidine. The slurry was then
coated on 1 cm2 area stainless steel mesh (3 cm × 1 cm) using doctor
blading and dried at 80 °C for 2 h. The stainless steel mesh had an
aperture of 0.026 mm and a wire diameter of 0.025 mm. The weight
of the activated carbon on the stainless steel mesh electrodes was as
follows: AC grain = 2.4 mg, AC fiber = 2.5 mg, AC cob = 2.8 mg, and
AC husk = 2.5 mg.
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For the two-electrode measurements (i.e., for a flexible super-
capacitor), electrodes were prepared using an Ossila slot-die coater
(L2005A1). For this purpose, activated carbon ink was prepared
according to the following procedure. First, 20 mg of AC grain was
mixed with 15 wt % of Nafion and dispersed in isopropyl alcohol
(IPA) under sonication for 4 h. The activated carbon ink was coated
on top of the stainless steel mesh (l × w × t = 4.5 cm × 2 cm × 0.07
cm) using the slot-die coater. For the purpose of slot-die coating, 5
mL of the AC grain ink was loaded into the syringe and assembled
with the slot-die head, faced the stainless steel mesh placed on the hot
plate. The hot plate was preset to 80 °C before the coating was
initialized. The AC grain ink was slot-die coated onto the stainless
steel mesh current collector with a coating speed of 2.1 mm s−1 and a
dispense rate of 1.1 μL s−1 over an area of 6 cm2 (l × w = 3 cm × 2
cm). After each coating, the mesh electrode was allowed to dry on the
hot plate at 80 °C for 10 min before successive coatings were applied.
The process was repeated 5 times so that a homogeneous film was
formed on top of the stainless steel mesh. Finally, two slot-die-coated
carbon electrodes with an area of 6 cm2 (l × w = 3 cm × 2 cm) were
used to fabricate the solid-state supercapacitor.
The device was finally assembled by sandwiching the slot-die-

coated carbon electrodes with a gel polymer electrolyte. The HEC/
KOH gel electrolyte was prepared by dissolving 2 g of HEC in 20 mL
of DI water, which was stirred continuously at 90 °C for 1 h. Then, 2
g of KOH (dissolved in 10 mL of DI water) was added dropwise to
the HEC mixture over the course of 15 min, and the resulting mixture
was stirred further for 1 h at 90 °C. A transparent HEC/KOH gel
electrolyte was obtained after 2 h, which was placed inside a
desiccator overnight to remove any air bubbles in the gel. The HEC/
KOH gel electrolyte was then applied to both electrode surfaces and
allowed to dry overnight within the fume hood at room temperature.
Thus, on the surface of both electrodes, a thin, white HEC/KOH
layer was formed. The electrodes with their gel coatings were then
neatly sandwiched together without a separator and tightly sealed. To
increase the contact between the electrode/electrolyte interface, the
sealed device was pressed firmly using a pellet press machine (Atlas 15
ton manual hydraulic press) under an applied pressure of 1 ton for 5
min.
2.4. Electrochemical Measurements. The electrochemical

behavior of AC grain, AC husk, AC fiber, and AC cob was studied
by cyclic voltammetry (CV), galvanostatic charge−discharge (GCD)
tests, and electrochemical impedance spectroscopy (EIS). All of the
CV, GCD, and EIS experiments were run on an Autolab
PGSTAT302N potentiostat/galvanostat with the FRA32M module
at room temperature. The working, reference, and counter electrodes
for a typical three-electrode measurement were activated carbon-
coated stainless steel mesh, Ag/AgCl, and platinum wire, respectively.
Either 1 M Na2SO4 or 6 M KOH was used as the electrolyte for the
three-electrode measurements here.
The specific capacitance Cs (F g−1) was calculated from the GCD

curves in the three-electrode configuration using the following
equation:34

C I t
m Vs =

(1)

where I is the current (A), Δt is the discharge time after the IR drop,
m is the weight of the active material on the mesh electrode, and ΔV
is the operating voltage window after the IR drop.
The electrochemical performance of the flexible supercapacitor

device with the HEC/KOH electrolyte was tested in a two-electrode
configuration. The total capacitance Ct (F g−1), energy density Ed
(Wh kg−1), and power density Pd (W kg−1) of the flexible device were
calculated from the GCD curves by means of eqs 2−5:35

C
I t

M Vt = (2)

C C4es t= (3)

E
C V1

2 3.6d
t

2

=
(4)

P
E

t
3600

d
d=

(5)

where M is the total weight of the active material on both of the
electrodes and ΔV is the operating voltage window after the IR drop.

3. RESULTS AND DISCUSSION
3.1. Materials Characterization. In this study, high-SSA

activated carbons were produced from corn derivatives (husk,
fiber, grain, and cob) using a two-stage carbonization and
potassium bicarbonate activation process. Using CHN
elemental analysis, the compositions of the powdered dried
corn derivatives were studied prior to the carbonization and
activation process. The elemental compositions of the corn
derivatives are given in Table 2. Elemental analysis revealed

that the corn derivatives were mainly composed of 44−47%
carbon, 43−49% oxygen, 5−7% hydrogen, and trace amounts
of nitrogen (0.5−4%), with corn grain having 45.38% carbon
and 0.85% nitrogen. Also, corn fiber contained the highest
amount of nitrogen (3.72%) but the lowest amount of carbon
(44.71%) among all of the samples. It is clear that the corn
derivatives selected in this work mainly consist of carbon,
nitrogen, and oxygen, which is desired for producing activated
carbons.
The structural and textural characteristics of the synthesized

samples were analyzed via XRD, Raman spectra, and N2
adsorption isotherms. The XRD patterns of the AC samples
obtained from different parts of corn are shown in Figure 1a.
The XRD patterns of all the samples show two broad
characteristic peaks at 2θ = ∼26° and ∼44°, corresponding
to the (002) and (100) planes of predominantly amorphous
carbon with partially graphitic structures.8 The graphitic plane
(002) at ∼26° is responsible for the in-plane conductivity,
which is particularly needed for electrochemical applications.
Upon careful examination, the presence of one broader peak at
∼22.5°, corresponding to the (100) diffraction plane of the
graphitic carbon embedded in amorphous carbon structures,
can be observed.36 In order to further analyze the structures of
the synthesized samples, Raman spectra were recorded, as
shown in Figure 1b. All of the spectra consist of two prominent
peaks centered at 1335 ± 5 and 1571 ± 4 cm−1, which are
assigned to D and G bands, respectively. The G band
represents the stretching vibration of ordered sp2 carbon,
whereas the D band represents defective and disordered
carbon structures.37 Additionally, all of the spectra exhibit a
low-intensity peak at the higher wavenumber of 2666 ± 5
cm−1, corresponding to the 2D band, which reveals the
presence of layered graphitic structures embedded inside the
amorphous carbon framework.38 The D and G bands of all the
activated carbon samples were further deconvoluted into four
separate bands ascribed to the D4 band (polyenes/oligomers

Table 2. CHN Elemental Analysis Data for Corn Derivatives
(Husk, Fiber, Grain, and Cob)

sample % C (wt%) % H (wt%) % N (wt%) % O (wt%)

corn husk 46.97 6.51 2.82 43.70
corn fiber 44.71 5.82 3.72 45.75
corn grain 45.38 5.89 0.85 47.88
corn cob 45.24 5.68 0.79 48.29
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at 1210 cm−1), D1 band (disordered/defective carbon
structure at 1336 cm−1), D3 band (amorphous carbon at
1485 cm−1) and G band (graphitic carbon at 1573 cm−1), as
shown in Figures 1c and S1a−c.39,40 The relative intensity ratio
of the D1 band to the G band (ID1/IG) is associated with the
degree of graphitization in the synthesized samples, where the
smaller the ID1/IG ratio, the higher the degree of graphitization
of the carbon material.40,41 As shown in Figure 1d, under the
same preparation conditions, the AC grain sample exhibits the
lowest ID1/IG (0.64), which reflects the highest degree of
graphitization or a higher number of sp2 hybridized graphitic
carbons compared to the other samples.

To further understand the pore structure characteristics of
the corn-based activated carbon samples, N2 adsorption/
desorption studies were carried out. Figure 1e shows the
obtained N2 adsorption/desorption isotherms, and Figure 1f
shows the pore size distribution (PSD) plot of the as-prepared
materials. Type IV isotherms with H4 hysteresis loops are
visible for the AC husk and AC grain samples, whereas the AC
fiber and AC cob samples display type I/IV isotherms with H4
hysteresis loops in the range of 0.4−0.9 P/P0, indicating the
presence of hierarchical porous structures with dominant
mesopores.40,42 The adsorption isotherms of all the samples
display an uptake tendency in the lower P/P0 values (<0.4),

Figure 1. (a) XRD patterns of AC samples obtained from different corn parts. (b) Raman spectra of AC samples obtained from different corn parts.
(c) Deconvoluted Raman spectra of AC grain sample, obtained by using Fityk software. (d) Degree of graphitization (ID1/IG) of AC samples
obtained from different corn parts. (e) N2 adsorption/desorption isotherms. (f) PSD plot of AC samples obtained from different corn parts.
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indicating that the occurrence of a multilayer adsorption
process takes place mainly in the mesoporous structures.
Moreover, the adsorption/desorption isotherms of all the AC
samples show a slight uptake in adsorption line at 0.9 < P/P0 <
1.0, which specifies the coexistence of meso- and macro-
pores.43 From these adsorption/desorption isotherms, it can be
concluded that the synthesized materials consist of a
hierarchical porous structure with an interconnected meso-
porous network. The SSA values of the corn-based activated
carbon samples follow the order of AC grain (1805 m2 g−1) >
AC fiber (1750 m2 g−1) > AC cob (1705 m2 g−1) > AC husk
(1509 m2 g−1). These results indicate that a greater number of
mesopores evolved in the case of the activated carbon obtained
from corn grains (AC grain), as it had a high SSA of 1805 m2
g−1. This can be attributed to the carbonized corn grains being
more effectively etched by the KHCO3 activating agent
compared to the carbonized corn husk, fiber, or cob.
Furthermore, the pore size distribution plot shown in Figure
1f indicates that all of the samples possessed mesoporous
structures with the pores have narrow size range of 2−5 nm. A
similar kind of behavior was observed by Hamouda et al.,44

Karnan et al.,45 and Shi et al.,41 who prepared high-SSA
mesoporous carbons for supercapacitor applications. Shi et
al.41 utilized bean curd stick byproducts to prepare high-SSA
mesoporous carbon (2609 m2 g−1). Similarly, Hamouda et
al.44 prepared mesoporous activated carbon from Hibiscus

sabdarif fa fruits (HBFs), which displayed a high surface area of
2609 m2 g−1 with the mesopores distributed in a size range of
2−5 nm. Hence, the BET and PSD findings reported in this
work are consistent with similar kinds of findings reported in
the literature.41,44,45 Table 3 shows the pore characteristics of
the activated carbons obtained from corn derivatives.
According to Table 3 and the adsorption/desorption isotherm
curves, all of the samples had mesoporous structures with an
average pore size of 2−3 nm. However, the AC grain sample
possessed a high SSA (1805 m2 g−1) and a higher SSAmeso/
SSAT value (68.1%), which alludes to the existence of a larger
number of mesopores in the as-synthesized sample. Materials
with a high SSAmeso/SSAT ratio and an abundance of
mesopores could be beneficial for enhanced electrolyte
diffusion through the interlinked porous channels, yielding
improved ion transfer rates and thereby increasing the
electrochemical energy storage capabilities of the activated
carbon obtained from corn grains. Therefore, it would be
expected that the electrochemical performance of an AC grain-
based electrode, especially the specific capacitance and capacity
retention, would be significantly better than that for the other
corn-based activated carbon samples.
Next, the morphologies of the corn-based activated carbons

were studied by FESEM. Figure 2a−c shows FESEM images of
the activated carbon obtained from corn grains; FESEM
images of the remaining corn derivatives are shown in the

Table 3. Characteristics of Pores in Corn-Based Activated Carbon Samples

sample
ID

SSAT
(m2 g−1)

SSAmic
(m2 g−1)

SSAmeso
(m2 g−1)

SSAmeso/SSAT
(%)

VT
(cm3 g−1)

Vmic
(cm3 g−1)

Vmeso
(cm3 g−1)

Vmeso/VT
(%)

pore size
(nm)

AC husk 1508 643 1067 57.3 1.01 0.48 0.53 52.4 2.2
AC cob 1770 695 1075 60.7 0.97 0.36 0.61 61.8 2.3
AC fiber 1749 584 1165 66.6 1.08 0.35 0.73 67.5 2.8
AC grain 1804 574 1230 68.1 1.07 0.31 0.76 71.1 2.6

Figure 2. (a−c) FESEM images and (d−f) HRTEM images of the AC grain sample at different magnifications.
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Supporting Information, Figure S2. The FESEM images of all
the corn-based activated carbon samples display disordered
and uneven surface morphologies with aggregation of the
porous carbons stacked with many graphitic layers. However,
the FESEM image of the AC grain sample revealed a much
higher porosity, with an uneven and rough surface containing
numerous small pores of various sizes and shapes. We believe
that the strong etching induced by the KHCO3 activation
resulted in the uneven corrosion of the carbon surface, thereby
causing the formation of hierarchical porous structures within
the small number of graphitic layers that were present on the

interior/exterior surface of the porous amorphous structure.
HRTEM images of AC grain are shown in Figure 2d−f, and
HRTEM images of the remaining corn derivatives are shown in
Figure S3. It can be observed that the AC grain sample has
many defects, and it exhibits an amorphous carbon structure
with numerous pores, as shown in Figure 2d. The presence of
graphitic carbon layers embedded in the porous carbons is
verified from the high-magnification HRTEM images shown in
Figure 2e,f. The high-magnification TEM image (Figure 2f)
shows the presence of an amorphous carbon structure
connected with graphitic carbon layers. It has been reported

Figure 3. (a) XPS survey spectra of the corn-based activated carbon samples, and deconvoluted XPS core-level spectra of (b) C 1s, (c) N 1s, and
(d) O 1s of the AC grain sample. (e) Plot showing the relative wt % of different elements present in the corn-based activated carbon samples based
on XPS peak analysis.
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that this kind of porous structure is extremely important for
supercapacitor applications because it provides electroactive
sites to trap and adsorb electrolyte ions, while the graphitic
layers provide interconnected transport pathways, which
improves the mobility of ions into deeper sections of the
porous network.46,47

XPS measurements were also used to identify the elemental
compositions of the corn-based activated carbon materials.
The overall XPS survey scans of the corn-based activated
carbons in Figure 3a mainly comprise a high-intensity C 1s

peak at 284.5 eV and low-intensity O 1s and N 1s (shown in
the inset of Figure 3a) peaks at 532.5 and 400 eV, respectively.
The XPS studies show that carbon is the predominant element
in all of the corn-based activated carbons with small amounts
of oxygen and nitrogen also present, most likely on the surface
of the carbon framework. Peak deconvolution was carried out
to determine the type of chemical bonds present in the corn-
based activated carbon samples, and the deconvoluted spectra
of the individual elements are displayed in Figures 3b−d and
S4a−i. The C 1s spectra was deconvoluted into three peaks, as

Figure 4. (a) CV curves of the corn-based activated carbons at a scan rate of 5 mV s−1. (b) CV curves of AC grain at various scan rates. (c) GCD
curves of the corn-based activated carbon samples at a current density of 0.25 A g−1. (d) GCD curves of AC grain at various current densities. (e)
Specific capacitance vs current density of the corn-based activated carbons. (f) Nyquist plots of the corn-based activated carbons tested in a 1 M
Na2SO4 electrolyte in a three-electrode configuration.
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illustrated in Figure 3b, where the peaks at 284.5, 286, and 289
eV correspond to C�C/C−C, C−O/C−N, and C�O
respectively.41,48 The deconvoluted N 1s spectrum of AC
grain shown in Figure 3c indicates the existence of pyridinic N,
pyrrolic N, and N oxide at 398.4, 400 ± 0.5, and 402.7 eV,
respectively.41,49 According to the literature, pyridinic N
groups serve as electrochemically active sites to enhance the
specific capacitance, whereas pyrrolic N improves the ion
transfer rate from the electrolyte to the electrode, and N oxide
promotes redox reactions to increase pseudocapacitance.50−52

Hence, it can be concluded that these N-containing functional
groups improve the electrochemical properties of activated
carbon to a significant extent.53 The high-resolution O 1s
spectrum of AC grain is also well deconvoluted into two peaks
located at 531.6 and 533.4 eV, which represent C�O and C−
O, respectively, as shown in Figure 3d.20,41 These oxygen
functional groups are crucial in enhancing the wettability of the
activated carbon, increasing the access to electrolyte ions in
order to completely utilize the high specific surface area and
improve the electrochemical energy storage.48 The elemental
composition of C, N, and O in the samples was obtained from
the core energy levels of the individual elements by using the
peak areas. The peak area (Ii) of each element was divided by
its sensitivity factor (Si) to obtain a normalized peak area, Ii/Si.
The elemental composition (Xi) of each element was then
calculated using the normalized peak area of each element
divided by the sum of all the normalized peak areas.54 From
Figure 3e, it can be clearly observed that the relative amount of
carbon varied from 89.8 to 94.1% in all the samples with AC
grain composed of 94.1% carbon, 5.2% oxygen, and 0.7%
nitrogen. Among all the samples, AC fiber contained the
highest amount of nitrogen (1.5%) and the lowest amount of
carbon (89.8%). Lastly, contact angle measurements were
evaluated to elucidate the electrolyte wettability of the
electrode surface.34 Figure S5 shows the images of a 1 M
Na2SO4 droplet in contact with the corn-based activated
carbon electrode surfaces, where the AC fiber electrode
showed the lowest contact angle of 70.5° and the AC grain,
AC cob, and AC husk electrodes displayed electrolyte contact
angles of 72.3, 84.3, and 88.8°, respectively. The lower contact
angles of the AC grain and AC fiber electrodes can be credited
to their high SSAs and higher amounts of N and O
heteroatoms. These characteristics result in an improved
affinity toward the 1 M Na2SO4 electrolyte, thereby leading
to a lower equivalent resistance. Although AC cob and AC
husk possess higher amounts of oxygen, their contact angles
are higher than the contact angle of AC grain. This may be
attributed them having a lower SSA and degree of
graphitization compared to the AC grain sample. The lower
contact angle, higher SSA, and higher degree of graphitization
of the AC grain electrode results in improved wettability,
higher charge accumulation, and enhanced ion transportation
inside the porous medium. These contact angle findings are in
correlation with the Raman, XPS, and N2 adsorption−
desorption results discussed earlier.
3.2. Electrochemical Analysis of the Electrodes. In

order to study the electrochemical behavior of the corn-based
activated carbon electrodes, electrochemical tests such as CV,
GCD, and EIS were performed initially by using a 1 M Na2SO4
electrolyte in a three-electrode configuration within a 0.9 V
potential window. As shown in Figure 4a, the CV curves of the
activated carbons corresponding to grain, husk, and cob exhibit
ideal “rectangular”-shaped curves at a scan rate of 5 mV s−1. In

contrast, although AC fiber displayed similar current densities,
its CV curve did not display the classic rectangular shape,
indicating that the capacitive contribution of AC fiber is not as
ideal as for that of the other samples. This might be due to the
increased amount of oxygen and nitrogen functional groups on
the surface of this activated carbon, which promote faradaic
reactions, resulting in pseudocapacitance.52,55 Nevertheless,
these (quasi-)rectangular-shaped CV curves indicate that all of
the corn-based activated carbon samples display an electro-
chemical double-layer-type charge storage mechanism. The
lower SSA of the AC husk sample resulted in a smaller
rectangular curve with a low current density, which indicates a
lower specific capacitance or lower energy storage. It can be
observed from Figure 4a that with the same 1 M Na2SO4
electrolyte and scan rate (5 mV s−1), AC grain demonstrates a
greater capacitance, as its CV curve has a significantly larger
area compared to that of the activated carbon from cob, husk,
and fiber. This can be understood from the fact that AC grain
possesses a higher SSA and a more porous structure, which
resulted in an increased amount of surface-active sites for the
electrolyte ions to access. Figure 4b shows the CV curves of
the AC grain working electrode tested at different scan rates
from 5 to 100 mV s−1. It can be seen that the CV curves
resemble rectangular shapes at lower scan rates (5−25 mV s−1)
and quasi-rectangular-like shapes at higher scan rates (50−100
mV s−1) within the same potential window, indicating the
superior adsorption and desorption of electrolyte ions on the
electrode surface at lower scan rates (5−25 mV s−1). The
reason for the quasi-rectangular-shaped curves at higher scan
rates (50−100 mV s−1) is the limited reaction time for
electrolyte motion inside the pores of the electrode, leading to
a change in its double-layer characteristics.56 More specifically,
the limited reaction time at higher scan rates prevents ionic
movement inside the pores of the electroactive material,
leaving only the exterior surface of the material available for
charge storage. In contrast, the electrolyte ions can access the
entire surface area of the electrode material at lower scan rates.
The specific capacitance and rate capability of the corn-based
activated carbon samples was evaluated from the GCD curves
(Figure 4c). The specific capacitance values were calculated
using eq 1. At a current density of 0.25 A g−1, all the samples
displayed an isosceles triangular-shaped charge−discharge
behavior, which further confirms their double-layer charge
storage performance. It is very clear from Figure 4c that AC
grain exhibited the longest discharge time, followed by AC
fiber, AC cob, and AC husk. This is the same trend revealed by
the CV curves in Figure 4a. The AC grain sample possessed a
remarkable specific capacitance (Cs) of 385 F g−1 at 0.25 A g−1,
followed by AC fiber (346.2 F g−1), AC cob (324.6 F g−1), and
AC husk (279.6 F g−1). Figure 4d shows the corresponding
GCD curves of AC grain at various current densities ranging
from 0.25 to 30 A g−1. All of the curves have a shape similar to
an isosceles triangle, further demonstrating the superior
electrochemical reversibility and rate capability of the AC
grain electrode at higher current densities. A specific
capacitance of 271 F g−1 could still be attained at the high
current density of 30 A g−1, which indicates the attractive rate
capability of the activated carbon obtained from corn grains
(AC grain). The reduced Cs values at higher current densities
can be related to the reduced diffusion time for the transport of
Na+/SO42− ions from the electrolyte to the surface-active sites
of the electrode. Figure 4e displays the specific capacitance of
the corn-based activated carbon samples as a function of
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Figure 5. Electrochemical performance of the AC grain electrode. (a) CV curves of the AC grain electrode at a scan rate of 5 mV s−1 in two
different electrolytes. (b) CV curves of the AC grain electrode at different scan rates in the 6 M KOH electrolyte. (c) GCD curves of the AC grain
electrode at a current density of 1 A g−1 in the two different electrolytes. (d) GCD curves of AC grain at different current densities in the 6 M KOH
electrolyte. (e) Specific capacitance plotted as a function of current density of the AC grain sample in two different electrolytes. (f) Nyquist plot of
the AC grain electrode tested in two different electrolytes. (g) Plot showing a comparison of the electrochemical performance of the AC grain
electrode with that of other activated carbons reported in the literature.
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current density, along with their capacitance retention
capabilities. From Figure 4e, it is clear that AC husk retains
56.3% of its capacitance even at the high current density of 30
A g−1, which is the lowest among all the samples. In contrast,
AC grain displays an excellent capacitance retention of 70.3%,
which can be attributed to its hierarchical porous structure,
high SSA, high degree of graphitization, and interconnected
porous network. The high SSA of AC grain generates a greater
number of surface-active regions for the ions to access, while
its high degree of graphitization with its interconnected porous
network provides efficient ion transfer/diffusion channels and
promotes electrolyte ion penetration into deeper regions of the
porous electrode framework. Figure 4f shows the Nyquist plots
of the corn-based activated carbon samples measured within a
frequency range of 0.01 mHz to 100 kHz with an AC
perturbation of 5 mV. The Nyquist plots of all the electrodes
consist of a straight line in the low-frequency region and a
semicircle in the high-frequency region.57 The diameter of the
semicircle in the high-frequency region gives the charge
transfer resistance (Rct), which arises from the ionic resistance
inside the pores of the electroactive material. In the presence of
a 1 M Na2SO4 electrolyte, Rct follows the order of AC grain
(3.6 Ω) < AC fiber (5.2 Ω) < AC cob (7.25 Ω) < AC husk
(10.7 Ω). The equivalent series resistance (Rs), which
combines the internal resistance of the current collector, the
resistance of the electrolyte ions, and the contact resistance of
the electroactive material with the collector, is represented by
the intercept of the semicircle on the x-axis in the high-
frequency region. The Rs values of AC husk, AC cob, AC fiber,
and AC grain are 7.3, 7.15, 2.58, and 3.7 Ω respectively. AC
fiber has the lowest Rs value out of all the samples, which could
be attributed to its high oxygen and nitrogen content, which
increases the surface wettability of the electroactive material
with the current collector, thereby reducing the contact
resistance. To better study the electrochemical properties of
the samples, we fitted the impedance spectra of all the corn-
based activated carbon electrodes, and the corresponding
equivalent circuits are shown in the Supporting Information
(Figure S6). The equivalent circuits consist of a combination
of the following components: Rs, Rct, the double-layer
capacitance (Cdl), the constant phase element (CPE), and
the Warburg impedance related to the diffusion of electrolyte
ions (W). The Rct−Cdl circuit is responsible for the ion transfer
inside the pores of the electroactive material. The almost
inclined line that is observed in the low-frequency region in the
Nyquist plots indicates the capacitive behavior of the corn-
based activated carbon electrodes, which is represented by
CPE in the equivalent circuits.34 The Nyquist data suggest that
the electrode material based on corn grain-derived activated
carbon has excellent charge transfer properties. From the above
results, the superior electrochemical features of AC grain can
be summarized as follows: (1) its high SSA offers sufficient
surface-active regions for the adsorption of charge carriers,
leading to high specific capacitance. (2) Its numerous transport
channels and shorter diffusion paths, supplied by its
hierarchical porous structure and higher degree of graphitiza-
tion, are helpful for increasing its rate performance and
decreasing Rct. (3) Its high carbon content and suitable
amount of N and O functional groups create additional
pseudocapacitance, which increases its specific capacitance to
some extent.
In order to determine the impact of the electrolyte type on

the electrochemical performance, the electrochemical tests

were repeated using a 6 M KOH electrolyte. It is important to
note that one essential criterion that must be established for a
supercapacitor system to function effectively is the electrolyte
type. Figure 5a displays the CV curves of the AC grain
electrode tested in the 1 M Na2SO4 and 6 M KOH aqueous
electrolytes at a scane rate of 5 mV s−1. It can be seen that the
AC grain electrode showed a classical rectangular-shaped CV
curve in both the 6 M KOH and 1 M Na2SO4 electrolytes,
suggesting it has a double-layer charge storage mechanism with
excellent adsorption and desorption of ions in both media.58

However, the current response and the area occupied by the
CV curve of the AC grain electrode in the 6 M KOH
electrolyte are greater compared to those in the 1 M Na2SO4
electrolyte, indicating a better electrochemical performance.
Figure 5b shows the CV curves of the AC grain electrode at
various scan rates in the 6 M KOH electrolyte. It can be seen
that the current response starts to increase with an increasing
scan rate while still retaining a rectangular shape, indicating the
strong rate capability of the AC grain in the 6 M KOH
electrolyte. Figure 5c depicts typical GCD curves of the AC
grain electrode in 1 M Na2SO4 and 6 M KOH electrolytes at a
current density of 1 A g−1. The appearance of a triangular-
shaped charge−discharge curve in the two electrolytes implies
that the charge storage is predominantly a double-layer type.
However, the charge−discharge time of the AC grain electrode
in the 6 M KOH electrolyte is slightly higher than in the 1 M
Na2SO4 electrolyte, which indicates that a higher specific
capacitance can be achieved in the 6 M KOH electrolyte.
Moreover, a smaller IR drop of 0.02 V can be observed in the
GCD curves at 1 A g−1 in 6 M KOH, indicating a lower Rs
value in the 6 M KOH electrolyte. These GCD curves are
again consistent with the CV curves shown in Figure 5a. The
specific capacitance values of the AC grain electrode, which
were calculated from eq 1 for the two electrolytes at 1 A g−1,
are ranked as follows: 6 M KOH electrolyte (411 F g−1) > 1 M
Na2SO4 electrolyte (370 F g−1). A GCD study with current
densities ranging from 0.25 to 30 A g−1 was conducted for the
AC grain electrode in the 6 M KOH electrolyte, as illustrated
in Figure 5d. It is clear that a symmetric triangular-shaped
curve was maintained even at higher current densities,
indicating the excellent rate capability of the electrode in the
6 M KOH electrolyte. With an increase in the current density
from 0.25 to 30 A g−1, the capacitance retention of the AC
grain electrode was 73.2% and 85.7% of its lowest rate
capacitance in the 1 M Na2SO4 and 6 M KOH electrodes,
respectively (Figure 5e). This high capacitance retention of the
AC grain electrode at the high charge−discharge rate of 30 A
g−1 demonstrates its superior rate capability, which can be
attributed to the larger SSA and interconnected porous
framework of AC grain. Furthermore, the increased capaci-
tance retention of the AC grain electrode in the 6 M KOH
electrolyte shows that the dissolved K+ and OH− ions have
faster ionic mobilities under higher current densities during the
charge−discharge process.58 Using EIS, the charge transport
kinetics of the AC grain electrode was further investigated in
the two electrolytes within a frequency range from 0.01 to 100
kHz. As shown in Figure 5f, the Rs value of the AC grain
electrode is 3.70 and 1.39 Ω in the 1 M Na2SO4 and 6 M KOH
electrolytes, respectively. As the same AC grain electrode was
employed in the two electrolytes, the difference in the Rs value
is mostly due to the ionic conductivity of the electrolyte and, to
some extent, the current collector. We believe that the
relatively lower IR drop (Figure 5c) was what was primarily
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responsible for the lower Rs values in the 6 M KOH and 1 M
Na2SO4 electrolytes. The estimated Rct value of the AC grain
electrode was 1.72 Ω in the 6 M KOH electrolyte and 3.57 Ω
in the 1 M Na2SO4 electrolyte, conveying that there was a
good charge transfer rate for the Faradaic reaction involved in
the pseudocapacitance process. Notably, the equivalent circuit
of the AC grain electrode in the 1 M Na2SO4 and 6 M KOH
electrolytes includes the Rs, Rct, Cdl, and CPE elements, as

shown in the inset of Figure 5f. Figure 5g shows a comparison
of the specific capacitance of the AC grain electrode
determined in this work with that of activated carbons
obtained from different corn samples reported in the literature
in three different electrolytes (Na2SO4, KOH, and
H2SO4).

18−21,24,32 Figure 5g clearly illustrates that the
performance of the AC grain electrode studied in this work
is comparable and even better than some of the previously

Figure 6. (a) CV curves of the flexible supercapacitor prepared with the AC grain sample and HEC/KOH electrolyte measured at 10 mV s−1 over
different voltage ranges. (b) GCD curves measured at 1 A g−1 over different potential ranges. (c) CV curves measured at various scan rates. (d)
GCD curves recorded at various current densities. (e) EIS plot and (f) phase plot of the flexible supercapacitor prepared with the AC grain sample
and HEC/KOH electrolyte.
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reported results of other corn-based activated carbons. From
the above results, we can conclude that the AC grain electrode
achieved an outstanding electrochemical performance with a
higher specific capacitance, superior rate capability, and better
electronic conductivity, along with lower series and charge
transfer resistances, in the 6 M KOH aqueous electrolyte.
3.3. Flexible Supercapacitor Performance. To further

demonstrate the application of the AC grain material in flexible
electrochemical supercapacitors, two AC grain electrodes,
coated with a HEC/KOH gel electrolyte using a slot-die
coater, were assembled into a symmetrical supercapacitor. As
shown in Figure 6a, the CV tests that were performed at a scan
rate of 10 mV s−1 and a voltage increment of 0.2 V in the range
from 0.9 to 1.7 V did not disclose any substantial increase in
anodic current density even at 1.7 V, which indicates that the
polymer gel electrolyte was not being decomposed. However,
beyond 1.7 V, the anodic current density increased
significantly, revealing the decomposition of the biopolymer
electrolyte (as shown in Figure S7a). These results also
indicate that the flexible symmetric supercapacitor could be
charged/discharged reversibly and was stable within the 1.7 V
potential window. However, such a qualitative assumption can
only be validated by quantitative techniques like GCD. The
charge−discharge tests at a current density of 1 A g−1 (shown
in Figure 6b) within the 1.7 V potential window did not reveal
any obvious plateau, which indicates that the electrolyte was
stable and did not decompose. As a result, the enlarged
potential window of 0−1.7 V was chosen as the stable working
voltage range for subsequent electrochemical tests. Additional
CV tests were performed by varying the scan rate from 5 to
200 mV s−1, as shown in Figure 6c. Even at higher scan rates,
the CV curves of the AC grain-based flexible supercapacitor
retained their rectangular shape, indicating the optimal double-
layer behavior and superior rate performance of the symmetric
supercapacitor. Interestingly, no obvious redox peak is visible
from the CV curve of the device, which indicates the charge
storage mechanism in the HEC/KOH gel electrolyte is purely
of a double-layer type. The GCD profiles illustrated in Figure
6d show a linear and symmetrical triangular-shaped charge−
discharge behavior, validating the pure double-layer charge
storage mechanism in the flexible supercapacitor, which is

consistent with the CV results discussed above. Using eqs 2−5,
the specific capacitance, energy density, and power density of
the flexible supercapacitor were evaluated from the discharge
curves of the GCD data. At the current densities of 0.25, 0.5, 1,
2, 5, 10, 20, and 30 A g−1, the AC grain-based flexible
supercapacitor showed Cs values of 77.16, 76.4, 75.2, 72.9,
67.6, 62.2, 56.1, and 50.4 F g−1, respectively. When the current
density was increased from 0.25 to 30 A g−1, the supercapacitor
still retained 65.3% of its initial Cs at 0.25 A g−1, revealing the
excellent rate capability of the device. The EIS plot of the
device (Figure 6e) shows an initial series resistance (Rs), a
semicircle in the high-frequency region that is ascribed to the
charge transfer resistance (Rct) originating from a distributed
Faradaic reaction within the structure, and an almost vertical
line at low frequencies, indicating a near-ideal capacitive-type
storage mechanism. By fitting the EIS curve of the flexible
supercapacitor, the Rs and Rct values were found to be 7.38 and
1.58 Ω, respectively. The optimal capacitive behavior and
minimal electrolyte ion diffusion resistance of the material are
indicated by the almost vertical line characteristic seen in the
low-frequency region. Figure 6f displays the frequency
dependent phase angle (Bode plot) of the flexible super-
capacitor. The flexible supercapacitor displayed a phase angle
of −77.8° in the low-frequency region, which is close to the
phase angle of an ideal supercapacitor (−90°). Therefore, it is
clear that the flexible supercapacitor displayed an excellent
capacitive performance with a lower charge transfer resistance
and higher phase angle, which can be ascribed to the combined
effect of the high specific surface area, high degree of
graphitization, and high carbon content of the activated
carbon obtained from the corn grains.
Figure 7a shows the Ragone profile of the flexible

supercapitor created with AC grain electrodes and the HEC/
KOH gel polymer electrolyte, which was plotted using the Ed
and Pd values calculated using eqs 4 and 5, in comparison to
that reported in the literature for other corn-based ACs. The
flexible supercapacitor prepared using AC grain attained an
outstanding Ed of 31.1 Wh kg−1 at a Pd of 215 W kg−1, and it
can be observed from the curve in Figure 7a that when Pd
reached 28.0 kW kg−1, the Ed was still 20.2 Wh kg−1. Thus, the
energy and power density values are comparable or even better

Figure 7. (a) Ragone plot of the AC grain-based flexible supercapacitor compared to other supercapacitors fabricated using other biomass-based
ACs reported in the literature. (b) Cyclic stability of the AC grain-based flexible supercapacitor performed over 10 000 cycles at a current density of
5 A g−1.
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than those of previously reported corn-based (or other
biomass-derived) porous carbonaceous supercapaci-
tors.8,14,17−21,26,59 For example, Yue et al.21 reported the
fabrication of a coin cell-type supercapacitor with high-surface-
area (2152 m2 g−1) activated carbon from corn stalk, which
obtained an energy density of 10.01 Wh kg−1 in a 1 M Na2SO4
electrolyte under a 1 V potential window. Similarly, Wang et
al.20 fabricated an aqueous symmetric supercapacitor with
high-surface-area (2508 m2 g−1) corn cob-derived activated
carbon and a 6 M KOH electrolyte, which exhibited an energy
density of 9.24 Wh kg−1. In both of these cases, it can be
observed that the energy density values are far lower than those

in the present work, even though these corn-based activated
carbons possessed higher surface areas (>2152 m2 g−1) than
the corn-based activated carbon in this work (1804.90 m2 g−1).
This can be attributed to the lower operating potential window
(1 V in the first two cases described), which is lower than the
operating potential window of 1.7 V used in the current study.
It is clear from eq 4 that the potential window is directly
proportional to the energy density of the supercapacitor. From
the Ragone plot, it can also be observed that the flexible
supercapacitor created with AC grain electrodes and the HEC/
KOH gel polymer electrolyte displayed a higher electro-
chemical performance than the devices reported by Karnan et

Figure 8. (a) Photographs of the flexible supercapacitor at different bending distances. (b) CV curves of the flexible supercapacitor at different
bending distances measured at a scan rate of 25 mV s−1. (c) Capacitance retention of the supercapacitor at different bending positions. Photographs
of a (d) red LED and (e) motor being powered by the flexible supercapacitor.
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al.19 and Rani et al.17, who employed ionic liquid and organic
electrolytes, respectively. Karnan et al.19 used the EMIMBF4
ionic liquid electrolyte to fabricate a Swagelok cell-type
supercapacitor with corn cob-based activated carbon (SSA of
800 m2 g−1). Similarly, Rani et al.17 employed a 1 M TEABF4/
AN organic electrolyte to fabricate a supercapacitor with corn
husk-based activated carbon (SSA of 1370 m2 g−1). We believe
that the lower SSAs of the corn cob-19 and corn husk-based17

activated carbons in the aforementioned cases had an impact
on the Ed of the supercapacitors when compared to the results
of the current investigation. Furthermore, as shown in Figure
7a, the flexible supercapacitor created with AC grain electrodes
and the HEC/KOH gel polymer electrolyte exhibited a better
electrochemical performance compared to the supercapacitors
fabricated from tree bark-,14 rapeseed meal-,8 and rice husk-
based59 activated carbons reported in the literature.
Next, the electrochemical cyclic retention ability of the

flexible supercapacitor was analyzed under continuous charge−
discharge cycles for 10 000 cycles at a current density of 5 A
g−1, as shown in Figure 7b. It is evident that the specific
capacitance initially increased during the first few 1000 cycles,
as the percentage of the capacitance that was retained
increased by more than 20% of its initial value. This rise in
the percentage capacitance retention in the initial few cycles
can be attributed to the complete utilization of the electrode
framework during the continuous adsorption/desorption of the
electrolyte ions. After this, there was a steady decrease in the
capacitance, with 8.7% of initial capacitance loss at the end of
10 000 cycles. The specific capacitance may gradually decrease
for a variety of reasons, including the loss of electrical
conductivity and the decrease in pore access over time.
In addition to having excellent electrochemical performance

during normal operation, it is important for flexible super-
capacitor devices to be able to withstand deformation, such as
bending. Thus, the mechanical reliability of the device was
tested by attaching the two ends of the device to a clamping
system (with one end fixed and the other end movable), as
shown in Figure 8a. The CV readings were taken after moving
one end of the clamp by 0.5 cm toward the fixed end. As
indicated in Figure 8b, the CV curves were able to maintain
their rectangular shape at different bending distances
(separation between the clamps) without any obvious
deviation in behavior, indicating that bending the device had
no significant impact on its electrochemical performance. As
shown in Figure 8c, there was no decay in the capacitance of
the device. Indeed, the capacitance actually increased with an
increase in the amount of bending due to a lower interfacial
resistance. These results indicate that the flexible super-
capacitor that was fabricated here has excellent mechanical and
electrochemical stability, which suggests the huge potential for
the synthesized activated carbon material for use in flexible and
portable energy storage devices. The practical realization of
this AC grain electrode-based flexible supercapacitor was
demonstrated with the help of a light-emitting diode (LED)
and a motor. With a charging time of 1 min, the 1.7 V flexible
supercapacitor was able to successfully power a red LED and a
motor (Figure 8d,e) for nearly 5 min, which signifies the
practical application of this flexible supercapacitor in energy
storage.

4. CONCLUSIONS
This work has reported the synthesis of activated carbons from
four types of corn derivatives via carbonization and KHCO3

activation and, subsequently, their application as super-
capacitor electrodes. Out of the four samples, the activated
carbon derived from corn grains (AC grain) exhibited the best
electrochemical performance in a 1 M Na2SO4 electrolyte due
to its high SSA (1804 m2 g−1), high degree of graphitization,
and appropriate amount of O and N atoms (this material
exhibited a high specific capacitance of 385 F g−1 at 0.25 A g−1

and a capacitance retention of 70.03% at 30 A g−1). Moreover,
the AC grain electrode was tested in two different electrolytes,
and it displayed a high specific capacitance (411 F g−1 at 1.0 A
g−1) and an excellent rate capability (85.7% capacitance
retention at 30 A g−1) in the 6 M KOH aqueous electrolyte
when tested in a three-electrode configuration. In the two-
electrode device testing, the assembled flexible supercapacitor
device that employed AC grain electrodes exhibited a superior
energy density (31.1 Wh kg−1) and power density (215 W
kg−1) over an extended potential window of 1.7 V, and its
power density reached 28.01 kW kg−1 when the energy density
was 20.03 Wh kg−1. This flexible supercapacitor also had an
excellent cycling stability, as it achieved a small capacitance loss
of only 8.7% compared to the first cycle after 10 000 cycles.
According to the findings of this study, it is possible to create
porous activated carbon from inexpensive corn grains, which is
a promising method for creating environmentally friendly,
renewable electrode materials for use in high-performance,
flexible supercapacitors.
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