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Waste biomass-derived, carbon-based materials have potential as electrode materials for energy
storage because of their advantageous characteristics, which include their low cost, sustainability,
eco-friendly recycling, and intrinsic microstructures. In this study, corn stem-derived, hierarchically
nanoporous carbon (CS-HNPC) was fabricated by carbonization of corn stems, followed by activa-
tion with potassium hydroxide. The CS-HNPC had a high specific surface area of ∼1,420 m2 g−1

and abundant nanopores with a hierarchical pore structure, which allowed the facile diffusion of
electrolyte ions. It also showed a high specific capacitance of 232 F g−1 and good rate capabilities
in an aqueous electrolyte when used as an electrode material for a supercapacitor. In addition, it
exhibited stable cycling over 10,000 charge/discharge cycles at a current density of 10 A g−1.

Keywords: Biomass, Corn Stems, Hierarchically Nanoporous Carbon, Electrode,
Supercapacitor.

1. INTRODUCTION
Depletion of fossil fuel resources and increasing envi-
ronmental concerns have attracted substantial attention to
the development of sustainable power sources for var-
ious applications in the modern society.1–3 Supercapac-
itors are rechargeable energy storage systems and are
potential power sources because of their high power
density and long cycling life.4–7 However, the low
energy density of supercapacitors—related to their charge-
storage mechanism—hinders their broad applications.
While rechargeable batteries can store a charge in the bulk
host structures of their active electrode materials by redox
reactions, supercapacitors do so by physical adsorption
on and desorption from the electrode surface. Therefore,
effective design of the electrode materials is very impor-
tant to increase the energy density of supercapacitors.
Nanoporous carbon materials have been widely studied as
electrode materials for supercapacitors8–12 since they have
high specific surface areas, good electrical conductivities,
and effective pore structures for charge storage. Waste
biomass-derived nanoporous carbon materials also have
additional advantages: they are inexpensive and renewable
resources, and the generation of carbon materials is an eco-
friendly recycling process for waste biomass.13–15 Several
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reports have described the use of different types of waste
biomass such as citrus peels, waste coffee grounds, dead
leaves, seaweed, human hair, and pomelo shells to pro-
duce electrode materials for supercapacitors in the past
few years.16–20 The high specific surface area of the acti-
vated carbon materials obtained from waste coffee grounds
and citrus peels was 1,945 and 1,167 m2 g−1, respectively,
and these materials contained abundant pores. Addition-
ally, waste coffee ground-based carbon electrodes were
found to exhibit a high capacitance of 121 F g−1 in
an organic electrolyte, along with a capacitance retention
of 90.5% over 5,000 cycles.17 Herein, we report the fab-
rication of nanoporous carbon materials from corn stems,
which are one of the most abundant sources of waste
biomass, with 170 to 256 million dry tons produced per
year worldwide.21 Through a simple pyrolysis process,
corn stems were transformed into a nanoporous carbon
material (corn stem-based carbon, CS-C). Moreover, we
report the preparation of corn stem-based, hierarchically
nanoporous carbon (CS-HNPC) by further development of
the material’s pore structure through chemical activation
using potassium hydroxide. These CS-HNPC electrodes
demonstrated superior electrochemical performance with
a high specific capacitance and rate capability, as well as
cycling stability.
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2. EXPERIMENTAL DETAILS
2.1. Preparation of CS-C
The corn stems were obtained from a farm in Kangwon
province, Republic of Korea. First, the corn stems were
washed using distilled water and ethanol (99.9%, OCI Co,
USA), dried in a vacuum oven at room temperature, and
ground in a mixer to generate a powder. The resulting
powder was thermally treated in a tube furnace by heating
from room temperature to 800 �C over 2 h at a rate of
10 �C min−1 with a nitrogen flow rate of 300 mL min−1.

2.2. Preparation of CS-HNPC
The CS-C was mixed with potassium hydroxide (Sigma-
Aldrich, 98%, KOH) in a weight ratio of 0.5:1 (KOH:
CS-C). The mixed sample was carbonized by heating to
800 �C under the same conditions. The CS-HNPC was
washed with distilled water/ethanol and then dried in a
vacuum oven at 60 �C.

2.3. Characterization
The morphologies were observed using field-emission
scanning electron microscopy (FE-SEM, S-4300SE,
Hitachi, Japan). The porosities and specific surface areas
of the samples were analyzed based on nitrogen-adsorption
and desorption isotherms obtained at −196 �C using the
surface area and a porosimetry analyzer (ASAP 2020,
Micromeritics, USA). The Brunauer-Emmett-Teller (BET)
(SBET� values were calculated according to the BET theory.
The micropore surface area (Smic� was determined using
the t-plot theory, and the mesopore surface area (Smeso� was
calculated according to the Barrett-Joyner-Halenda theory.
Raman spectra were measured using a continuous-wave,
linearly polarized laser (with a wavelength of 514.4 nm,
2.41 eV, and 16 mW of power). The laser beam was
focused using a 100× objective lens, resulting in a spot
with a diameter of ∼1 �m. The acquisition time and num-
ber of circulations used to collect each spectrum were
10 s and 3, respectively. An X-ray diffraction (XRD,
Rigaku DMAX-2500) analysis of the samples was per-
formed using Cu K� radiation (wavelength �= 0�154 nm)
at 40 kV and 100 mA. The chemical compositions of the
samples were examined using X-ray photoelectron spec-
troscopy (XPS, AXIS-HIS, Kratos Analytical, Japan) with
monochromated Mg K� radiation (hv= 1500 eV).

2.4. Electrochemical Characterization
The CS-HNPC-based electrodes for supercapacitors were
prepared by loading a slurry consisting of 70 wt% active
material, 20 wt% conductive carbon, and 10 wt% poly-
tetrafluoroethylene (Sigma-Aldrich, 60 wt% dispersion
in water, PTFE) on nickel forms, followed by drying
at 80 �C for 2 h. The electrolyte was 6 M aque-
ous KOH. The electrochemical measurements were per-
formed using cyclic voltammogram (CV), galvanostatic
charge/discharge experiments, and electrical impedance

spectroscopy (EIS) (PGSTAT302N, Metrohm Autolab,
Netherlands). CV was performed using a three-electrode
cell, in which a platinum wire was used as the counter
electrode, the slurry material on the nickel form was the
working electrode, and Ag/AgCl was the reference elec-
trode in the potential range of −1 to 0 V at a scan rate of
40 mV s−1. Galvanostatic charge/discharge measurements
were performed at 1 A g−1 over a voltage range of −1 to
0 V versus Ag/AgCl. The cycling stability was evaluated
by performing galvanostatic cycling between −1 and 0 V
at 10 A g−1. EIS was performed at the open-circuit voltage
in the frequency range of 100–0.1 Hz.

3. RESULTS AND DISCUSSION
The morphologies of the CS-C and CS-HNPC were
observed using SEM (Fig. 1). As shown in Figures 1(a)
and (b), the morphologies are similar, and the magnified
SEM images of the CS-HNPC reveal numerous macro-
pores with diameters of several hundred nanometers in
the inner walls of the bulk particles (Figs. 1(c) and (d)).
These porous structures could have originated from the
original corn stems. The fine pore structures of the CS-C
and CS-HNPC were characterized by nitrogen-adsorption
and desorption experiments. The nitrogen-adsorption and
desorption isotherms of both samples resemble Interna-
tional Union of Pure and Applied Chemistry (IUPAC)
type I, indicating microporous structures (Fig. 2(a)). The
BET specific surface area of the CS-C was 865 m2 g−1,
and most of the micropores were less than ∼2 nm in
size (Fig. 2(b)). In contrast, the specific surface area of
the CS-HNPC was higher: 1,420 m2 g−1. Additionally,
the pore size distribution data of the CS-HNPC revealed
that it had a considerable number of mesopores in the
range of 2–20 nm and was dominated by micropores
(Fig. 2(b)). Furthermore, the micropore and mesopore vol-
umes gradually increased as the amount of activation agent
increased. Other specific textural properties of these mate-
rials are summarized in Table I. The microstructures of
the CS-C and CS-HNPC were examined using XRD and
Raman spectroscopy, as shown in Figure 3. The diffrac-
tion pattern of the CS-C contains a broad peak at 23.5�,
which is assigned to the graphite (002) plane, indicat-
ing a layered carbon structure (Fig. 3(a)). The diffraction
pattern of the CS-HNPC exhibits a similar (002) peak,
although it is broader. These data indicate that the CS-
C and CS-HNPC have amorphous carbon structures with
poor graphite stacking ordering. The Raman spectra of
both samples exhibit D and G bands at ∼1,348 and∼1,580
cm−1, respectively (Fig. 3(b)). The D band is related to
the vibration of carbon atoms with dangling bonds in the
termination plane of disordered graphite, and the G band
is associated with sp2-carbon atoms in a hexagonal car-
bon structure. The intensity ratios (ID/IG� of the CS-C and
CS-HNPC were calculated to be ∼0.95 and ∼1.73, respec-
tively. These results demonstrate that the hexagonal carbon
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Figure 1. FE-SEM images of (a) CS-Cs and (b–c) CS-HNPCs and (d) high-magnification FE-SEM image of interior of CS-HNPCs shown in (c),
revealing porous structure.

structure is several nanometers in size, and the amorphous
carbon structure of the CS-HNPC is composed of numer-
ous nanometer-sized crystallites with random orientations.
These results correspond to the carbon structure of typical
activated carbon, which contains a certain two-dimensional
order but no three-dimensional graphitic ordering.22–25 The
surface properties of the CS-C and CS-HNPC were char-
acterized by XPS (Fig. 4). In the C 1s spectra, C–O bond-
ing (285.1 eV for CS-C; 285.8 eV for CS-HNPC) and
C O bonding (288.6 eV for CS-C; 288.0 eV for CS-
HNPC) were observed, as well as a main C–C bonding
peak centered at 284.3 eV, as shown in Figure 4(a). The

O 1s spectra also show two distinct peaks: a C O bond-
ing peak centered at 531.0 eV and C–O bonding peaks
centered at 531.9 and 532.3 eV for the CS-HNPC and CS-
C, respectively (Fig. 4(b)). The C/O ratios of the CS-C
and CS-HNPC were 4.5 and 7.6, respectively, confirm-
ing that the relative oxygen content of the CS-HNPC was
reduced relative to that of the CS-C. This difference could
be attributable to the emission of oxygen-containing com-
pounds such as carbon dioxide during the activation pro-
cess. The electrochemical performance of the CS-C- and
CS-HNPC-based electrodes was investigated in 6 M aque-
ous KOH electrolyte over a potential range of −1 to 0 V

Figure 2. (a) Nitrogen-adsorption and desorption isotherm curves and (b) pore size distributions of CS-Cs and CS-HNPCs.
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Table I. Specific textural properties of CS-Cs and CS-HNPCs.

SBET Smic Vtotal Vmic Average pore C/O
Sample (m2 g−1) (m2 g−1) (cm3g−1) (cm3g−1) size (nm) ratio

CS-Cs 865 716 0.5 0.2 2.3 4.5
CS-HNPCs 1420 874 0.7 0.4 4.6 7.6

versus Ag/AgCl (Fig. 5). The CV curves of the CS-HNPC
obtained at a scan rate of 40 mV s−1 exhibits a rectangular-
like shape, indicating a capacitive charge-storage behav-
ior (Fig. 5(a)). The steep slopes of the current change at
the switching potentials reflect a small mass-transfer resis-
tance. In contrast, the CV curves of the CS-C show a rel-
atively dented shape compared to that of the CS-HNPC,
and its overall area is smaller than that of the CS-HNPC’s
CV. These data indicate that the CS-HNPC has a supe-
rior charge storage performance, possibly resulting from
its higher specific surface area and hierarchical pore struc-
ture. The galvanostatic charge/discharge profiles of the
CS-C and CS-HNPC show an isosceles triangle shape, in
good agreement with the CV results (Fig. 5(b)). The dis-
charge time of the CS-HNPC was noticeably longer than
that of the CS-C at the same current density (1 A g−1�;
thus, the CS-HNPC has a larger capacitance than the

CS-C. The specific capacitances of the CS-HNPC and CS-
C were calculated to be 254 and 148 F g−1, respectively,
at a current density of 0.4 A g−1 (Fig. 5(c)). The capac-
itance values gradually decreased as the current density
increased. At current densities of 1, 4, and 10 A g−1, the
specific capacitances of the CS-HNPC were 232, 199, and
169 F g−1, respectively. When the current density was 25
times higher, specific capacitance values of approximately
67% were maintained, indicating that the CS-HNPC had
good rate capabilities. For the CS-C, specific capacitances
of 136, 115, and 92 F g−1 were recorded at current densi-
ties of 1, 4, and 10 A g−1, respectively. For all the current
densities tested, the capacitance values of the CS-C were
much smaller than those of the CS-HNPC. These mate-
rials’ good rate performances were further illustrated by
their Nyquist plots in the frequency range of 100 kHz
to 0.1 Hz, as shown in Figure 5(d). These plots feature
vertical lines in the low-frequency region, indicating an
ideal capacitive behavior. The equivalent series resistance
(ESR) of the CS-HNPC was 2.8 �, which was smaller
than that of the CS-C (3.3 �), suggesting that the CS-
HNPC had fast charge-storage kinetics. In addition, the
CS-HNPC-based supercapacitors exhibited stable cycling

Figure 3. (a) XRD patterns and (b) Raman spectra of CS-Cs and CS-HNPCs.

Figure 4. XPS (a) C 1s and (b) O 1s spectra of CS-Cs and CS-HNPCs revealing various chemical configurations.
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Figure 5. Electrochemical performances over potential range of −1 to 0 V in aqueous KOH electrolyte: (a) CV curves of CS-C- and CS-HNPC-based
supercapacitors at scan rate of 40 mV s−1, (b) galvanostatic charge/discharge curves of CS-C- and CS-HNPC-based supercapacitors at current density
of 1 A g−1, (c) specific capacitances of supercapacitors based on CS-C and CS-HNPC measured at various current densities, (d) Nyquist plots of
CS-C- and CS-HNPC-based supercapacitors over frequency range of 100–0.1 Hz, and (e) capacitance retention of CS-HNPC-based supercapacitors
over 10,000 charge/discharge cycles at current density of 1 A g−1.

over 10,000 charge/discharge cycles at a current density of
1 A g−1 (Fig. 5(e)). Furthermore, a capacitance retention
of 91.1% was achieved after 10,000 cycles.

4. CONCLUSIONS
In summary, CS-HNPC was fabricated via the carboniza-
tion of corn stems, followed by KOH activation. The
CS-HNPC had a higher specific surface area and larger,
nanometer-scale pores than the CS-C, which was pre-
pared by the carbonization of corn stems without chemical
activation. The CS-HNPC had a specific surface area of
1,420 m2 g−1, numerous nanopores, and mesopores with
diameters of 2–20 nm originating from a defective carbon
structure with poor graphite stacking ordering. The CS-
HNPC also had a C/O ratio of 7.6, indicating the presence

of oxygen heteroatoms. As an electrode material for super-
capacitors, the CS-HNPC showed a high specific capac-
itance of 232 F g−1, good rate capabilities at a current
density of 10 A g−1, and a stable capacitance retention of
91.1% over 10,000 cycles.
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