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Renewable, low-cost and environmentally friendly porous carbon for high performance carbon
electrode materials has attracted considerable attention in the energy conversion and storage fields.
Herein, we have developed a sustainable route to fabricate porous carbon materials derived from green
peppers through conventional thermal annealing and KOH-activation. The as-prepared GPAC-4 with a
hierarchical porous structure exhibits a high specific surface area of 1052.70 m? g~ and a high
capacitance of 863.1 F gt at 1 A g~ as well as a good capacitance retention ratio of 97.80% at 10 A g~*
over 10000 cycles. Moreover, the assembled supercapacitor exhibits a capacitance of 214.45 F g‘1 at
1 A g~% which corresponds to a maximum energy of 42.89 W h kg™ at a power density of 1.2 kW kg™
Furthermore, the supercapacitor demonstrates good cycling stability with a low loss of 3.73% over
10 000 charge—-discharge cycles. These findings could open up an exciting field for exploring reproduci-
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1. Introduction

With the aggravating environmental pollution and energy crisis
in recent years, it is urgent to exploit renewable and clean
energy sources (e.g., solar and wind power) and to develop cost-
effective, environmentally friendly and high performance elec-
trochemical energy storage technology/devices."™ However,
traditional energy sources are no longer able to meet the
requirements for human production and life in the developed
economic society.”> Among different types of energy storage
devices, supercapacitors have received considerable attention
owing to their high power density, outstanding cyclability, long
life, and short charging time.*” Based on their energy storage
mechanisms, supercapacitors usually have been classified as
electrical double-layer capacitors (EDLCs) and pseudocapaci-
tors, as well as hybrid capacitors.®® Electric double-layer capa-
citors store energy through rapid and reversible adsorption of
electrolyte ions onto the surface of the electrodes, which are
heavily influenced by the specific surface area and porosity of
electrode materials.'®"*
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ble vegetables as the raw materials for high performance supercapacitors.

Currently, the electrode active materials of supercapacitors are
divided into three types: metal oxides, electronically conduc-
ting polymers and carbon materials.">'* Among them, carbon
materials have been commercially used as supercapacitor elec-
trode materials for several decades such as activated carbons,
carbon fibers, carbon nanotubes, carbon aerogels, graphene and
carbide derived carbons."*"® Porous carbons have attracted parti-
cular interest for their special properties, such as large surface
area, surface hydrophobicity/hydrophilicity, large pore volume,
chemical inertness, good mechanical and thermal stabilities, ease
of handling, and low-cost preparation.'®"”

However, the applications of conventional carbon materials
are largely restricted owing to the high cost of raw materials
such as mineral materials and petroleum, environmental
destructiveness of preparation procedures, complicated manu-
facturing and relatively low energy density.'®'® Accordingly,
researchers have made considerable efforts to form favorable
porous carbon materials derived from green reproducible bio-
mass or their derivatives, which are critical for sustainable
development and environmental protection.’”*! Moreover,
biomass-derived porous carbon materials are generally com-
posed of unique micro/nanostructures and heteroatoms origi-
nating from biomass precursors, which could contribute to the
surface wettability of the carbon materials, rapid electrolyte ion
transport within the nanostructure and further improvement of
the electrochemical performance.?*?* Additionally, the applica-
tion of the carbon derived from biomass renewable materials
for supercapacitors could not only provide methods for dealing
with the scarcity of fossil fuels, but also take full advantages of
renewable natural resources.”**®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthetic procedure of porous carbon from green peppers.

Green peppers as a kind of vegetable belong to the capsicum
plants of the solanaceae family, which is widely distributed in
many regions of the world. Green peppers are rich in dietary
fibers, capsaicin, and vitamin C. Currently, green peppers are
usually used as food in our daily life. Based on the aforemen-
tioned discussion, we present a facile and scalable strategy to
utilize natural green peppers as biomass precursors to fabricate
porous carbon electrode materials through carbonization and
chemical activation of KOH, and to develop environmentally
benign full supercapacitor devices (Scheme 1). In this context,
we have optimized the reaction temperature and alkali concen-
tration and demonstrated the relationship between the struc-
ture and the electrochemical performance.

2. Experimental section

2.1. Materials and methods

2.1.1. Materials and reagents. Green peppers were pur-
chased from a local market in Chongqing, China, and the
green peppers’ skins were collected after removing the green
peppers’ seeds and dried by freezing. Nafion solution, acetylene
black, poly(tetrafluoroethylene) (PTFE), and ethanol were pur-
chased from Sigma-Aldrich. Potassium hydroxide (KOH) and
all other reagents were obtained from Adamas-beta®™. All che-
micals were used without further purification.

2.1.2. Preparation of green pepper-derived activated car-
bon (GPAC). The peels of green peppers were first washed with
distilled water to remove dusts and other inorganic impurities,
followed by cutting into pieces and drying by vacuum freeze-
drying. The dried peels were then well ground to powders, prior
to the carbonization step. The preparation of activated carbon
is a two-stage process of carbonization and activation. Firstly,
the green peppers were heated in a tubular furnace under an
argon atmosphere to 800 °C at a heating rate of 5 °C min ™', and
then held the temperature for 2 hour. The obtained carbon was
named GPC. In the second step, GPC and KOH with a mass
ratio of 1:1.5 were thoroughly ground using an agate mortar.
After grinding, the power was further heated at 800 °C for
2 hours under the same heating conditions. Finally, the
obtained carbon was named GPAC-4. For comparison, the
different mass ratios of GPC/KOH (2:1, 1.5:1, 1:1, and 1:2)
were also investigated using the above process. The samples were
denoted as GPAC-1, GPAC-2, GPAC-3 and GPAC-5. In addition,
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GPAC-6, GPAC-7 and GPAC-8 were prepared at 600, 700 and 900 °C
in accordance with a similar procedure to that for GPAC-4. In the
whole process, all carbonized samples were drastically washed
with diluted HCI and deionized water, and then dried at 80 °C
for 12 h.

2.2. Characterization

The XRD patterns of all samples were recorded using powder
X-ray diffraction (Shimadzu XRD-7000). The surface morpho-
logy and structure of samples were observed using scanning
electron microscopy (FESEM, JSM-7800F) and transmission
electron microscopy (TEM, JEOL 2100). Nitrogen sorption iso-
therms were obtained using an Autosorb-1 analyzer (Quanta-
chrome Instruments). The specific surface area was calculated
using the modified Brunauer-Emmett-Teller (BET) method.
The pore size distributions and the pore volume were analyzed
from the adsorption branch isotherms using a density func-
tional theory (DFT) method. Moreover, the total pore volume
(V,) was estimated from the amount adsorbed at a relative
pressure P/P, of 0.990. The micropore volume (V) and
micropore surface area (Smic) were determined by the ¢-plot
theory. Raman spectra were acquired using a Jobin-Yvon HR
800 spectrometer. X-ray photoelectron spectroscopy (XPS) mea-
surements were performed using a Thermo Fisher Scientific
Escalab 250xi spectrometer, USA. Fourier transform infrared
(FT-IR) spectra were recorded using a Thermo Scientific Nicolet
iS 50 spectrometer.

2.3. Electrochemical measurements

For the two-electrode system, a homogeneous slurry of the
electroactive material, polytetrafluoroethylene (PTFE), and acet-
ylene black with a weight ratio of 80:10:10 in ethanol was
formed, pasted onto the nickel foam current collector (1 cm X
1 cm), and then vacuum dried at 80 °C for 12 h. The loading of
the active material for each working electrode was measured to
be ~3 mg cm 2. And then, a glass-fiber filter paper (Waterman,
GF/B) as a separator and 1 M KOH aqueous solution as the
electrolyte were used to assemble a test cell. For the three-
electrode system, the working electrode was manufactured via
the dispersion of active carbon in the mixture of Nafion and
ethanol (1:20) dropping on the glassy carbon electrode, accom-
panying with platinum foil Hg/HgO as the counter and reference
electrodes, respectively. Electrochemical characterization was
carried out using an electrochemical workstation (Shanghai
Chenhua Instrument Co. Ltd, China).

For the two-electrode system, the gravimetric specific capa-
citance of a single electrode is calculated using the following
equation:

Csp = 2I X At/m x AV (1)

where Cy, (F g ') is the specific capacitance based on the mass
of the active carbons, where I is the discharge current (A), At is
the discharge time (s), AV is the voltage difference (except the
ohm drop) within At (V), and m is the loading of the active
material in each working electrode (g).

Mater. Adv,, 2023, 4, 2192-2200 | 2193
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For the three-electrode system, the gravimetric specific
capacitance can be calculated using the following equations:

Csp =1 xXAt/m x AV (2)

where I is the discharge current (A), At is the discharge time (s),
AV is the voltage (V), and m is the mass of the active
materials (g).

The energy density E (W h kg™ ') and the power density P
(W kg ™) are calculated using the following equations:

E = CpV?/(2 % 3.6) (3)
P = 3600E/At (4)

where t is the discharge time (s).

3. Results and discussion

3.1. Material characterization

The SEM image of GPAC-4 (Fig. 1a) indicates a rough surface
with interconnected quasi-spherical carbon particles and a
uniformly distributed honeycomb pore structure on the rough
carbon surface. The transmission electron microscopy (TEM)
image of GPAC-4 (Fig. 1b) manifests a distinct carbon skeleton
and a multilayer distribution of nanopore structures with
a hierarchical pore arrangement and thin pore walls, which
contributes to the electrochemical performance and the elec-
trical conductivity of the carbon material.*®

The XRD patterns of GPAC-4 and GPC (Fig. 1c) indicate two
characteristic peaks located at 26 values of ~22° and ~43°,
which correspond to the (002) and (100) diffraction peaks in the
graphite structure of carbon planes.”’” Moreover, the broad
intensity of the (002) peak also confirms an amorphous carbon
structure.*® And then, the degree of disorder within the carbon
material is also explored using Raman spectroscopy (Fig. 1d).
The two characteristic peaks at 1350 cm ' and 1590 cm
correspond to the characteristic peaks in the D-band and
G-band of samples, respectively.>® The D-band is attributed to
the disordered structures of carbon and the G-band is related to
graphite in-plane vibrations. Therefore, Ir represents the
degree of carbon disorder, while I; stands for the sp® graphi-
tised structure of carbon.*® The Ip/I ratios of GPC and GPAC-4
(1.046 and 1.017, respectively) reveal the enhancement of
graphitization after KOH activation.

FT-IR spectra at wavelengths of 400-4000 cm ™" could reveal
the functional groups and structural transformations on the
surface of the sample. As described in Fig. S1 (ESIt), the wider
absorption peak centered at 3438 cm™ ' is attributed to -NH
in the amide group. The absorption peaks at 2927 cm™ " and
2852 cm ™" are attributed to the stretching vibration of aliphatic
-CH,. The band at 1608 cm ™ is ascribed to -C—=0. Absorption
peaks are indicated at around 1100 cm ' due to -C-O
vibrations.?" Infrared investigations demonstrate the presence
of carbon-containing groups in the carbon materials, which
contributes to the hydrophilicity and chemical stability of the
material in electrolyte solutions.*?
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To evaluate the chemical identities of the heteroatoms in the
functionalized GPAC-4, XPS measurements are carried out.
The X-ray photoelectron spectroscopy (XPS) survey spectrum
of GPAC-4 (Fig. S2, ESIt) confirms the presence of C, O, N, P
and S, which could lead to pseudocapacitance and further
contribute to the whole capacitance during the charge/dis-
charge process. The high-resolution C1s spectrum of GPAC-4
(Fig. 1f) could be deconvoluted into five individual component
peaks, which corresponds to C—C (284.8 eV), S-sp>C (285 V),
C-0/C-0-C (286.3 €V), C=0 (288.6 eV) and n-n* (289.1 eV).*?
The spectrum of N 1s (Fig. 1g) could be convolved into five
binding energies at 398.5, 399.5, 400.4, 401.7 and 404.4 eV
corresponding to pyridinic-N, quaternary-N, amides/amines
or nitrile N, pyrrolic-N and N-oxides, respectively.** The XPS
spectrum of O1s (Fig. 1h) could be convolved into two groups of
peaks, such as P—0 (531.7 eV) and P-O-P/P-O-C (533.2 eV).
The oxygen-containing functional groups could increase the
surface wettability of carbon materials.>® The XPS spectrum of
P2p, with three peaks at 131.8, 133.4 and 134.4 eV, corresponds
to three types of chemical bonds, namely, C-P species, pyropho-
sphate/polyphosphate (PP) and monophosphate/metapho-
sphate (MP). The presence of P could effectively result in the
increase of the carbon layer spacing, and further facilitate the
diffusion of electrolyte ions to the interior of the electrode.
The doping of P atoms could also introduce specific defects
that refrain from the formation of unstable carboxyl groups and
further improve the electrochemical stability of the electrode
material.’® The convolution peaks in the S2p region of S
elements could be divided into three peaks which correspond
to the C=S (161.8 eV), C-S (164.5 eV) and oxides of S (167.5 eV),
respectively.’” In general, the introduction of heteroatoms into
the carbon skeleton could change the original structure of the
material surface and further lead to the carbon surface more
disordered, which may generate the pseudocapacitance and
further improve the electrical conductivity and wettability of
the carbon materials.*®

The isotherms of GPAC-4 indicate the characteristics of the
type IV isotherm with a H, hysteresis loop (Fig. le). For
isotherms, the curve rapidly increases at lower relative pres-
sures (P/P, < 0.1) due to the presence of micropores, which
demonstrates the sufficient storage space for electrolyte ions.>
And then, the presence of a significant hysteresis loop at
0.4-0.8 P/P, is ascribed to the large number of mesoporous
structures.*® As the pressure goes on increasing, a significant
increase of the adsorption at high relative pressures (P/P, >
0.9) represents the small number of macropores in the
carbon.*’ Compared with this, GPC exhibits the typical type V
adsorption-desorption isotherm with a H, hysteresis loop.
In more detail, the characteristics of the obtained various ACs
are listed in Table 1. GPAC-4 manifests a Brunauer-Emmett-
Teller (BET) specific surface area of 1052.70 m*> g~' and a
pore volume (0.9898 cm® g~ ') much higher than that of GPC
(245.49 m*> ¢ ' and 0.984 cm® g '). The phenomenon is
ascribed to the etching and intercalation effects of KOH, which
could regulate the synthesis of porous carbon materials.*?
During the pyrolysis process, the release of decomposition

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) FESEM image of GPAC-4. (b) TEM image of GPAC-4. (c) XRD patterns of GPC and GPAC-4. (d) Raman spectra of GPC and GPAC-4. (e) N,

adsorption/desorption isotherms (inset photograph) and the pore size distributions of GPC and GPAC-4. (f) High resolution Cls of GPAC-4. (g) High
resolution N1s of GPAC-4. (h) High resolution O2p of GPAC-4. (i) High resolution P2p of GPAC-4. (j) high resolution S2p of GPAC-4.
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Table 1 Summary of the BET characteristics of activated carbons

h

Sample SBETa Vtotb SmiE Smed Smae Vmif Vmeg Vma

GPC 245.49 0.984 102.47 96,35 46.66 0.37 0.42 0.194
GPAC-1 784.62 0.532 263.47 386.52 134.63 0.15 0.32 0.062
GPAC-2 975.34 0.627 153.27 572.84 249.23 0.105 0.426 0.096
GPAC-3 854.67 0.751 213.75 483.26 157.66 0.106 0.525 0.12

GPAC-4 1052.7 0.9898 157.84 753.62 141.24 0.142 0.568 0.28

GPAC-5 987.65 0.864 115.62 634.71 237.32 0.158 0.613 0.093
GPAC-6 573.58 0.851 91.63 387.42 94.53 0.136 0.638 0.077
GPAC-7 654.21 0.724 105.36 473.82 75.03 0.103 0.517 0.104
GPAC-8 752.46 0.687 113.57 513.72 125.17 0.126 0.483 0.078

@ SBET: BET surface area. ” V,,: total volume. ¢ Sy micropore surface
area. ¢ Spe: mesopore surface area.® Sp,: macropore surface area.
Vma: macropore
volume.

products, such as H,0, CO, CO,, and NH;, will open up closed
pores, and further result in the formation of meso-/macro-
pores.*> Meanwhile, the alkali metal K is intercalated into the
carbon lattice, which leads to the formation of large pores. And
then, the pore volume is further increased, accompanying with
the removal of the metal residue through hydrochloric acid
washing.** Apart from this, different temperatures also impart
an effect on the textural parameters of carbon materials. With
the temperature increasing from 600 to 800 °C, both surface
areas (from 573.58 to 654.21 to 1052.70 m” g~ ') and volumes
(from 0.851 to 0.724 to 0.9898 cm® g~ ') increase in the same
way. Although the temperature varying from 600 to 800 °C
could lead to the increase of micro-mesopores’ specific sur-
face area and pore volume, the macropores do not indicate
a similar phenomenon. When the temperature goes on
further increasing to 900 °C, the pores may collapse, which
unfavorably result in the decrease of the textural properties
(752.46 m* g~ " and 0.687 cm® g~ '). On account of the pore size
distribution curve of GPAC-4, most pores are mesopores
ranging from 2 to 15 nm, which could provide transport
channels for ions. The average pore sizes of GPAC-4 and
GPC are 3.304 nm and 3.137 nm, respectively. The activation
of KOH could contribute to the increasing textural properties
and further maximizing the ion adsorption sites,** owing to
the generation of a huge amount of gases (CO and CO,) during
the activation procedure. In addition, this hierarchical pore
structure endows GPAC-4 with the properties for high perfor-
mance supercapacitors. Macropores could accommodate the
electrolyte, which could shorten the travel distance of electro-
lyte ions during the charge and discharge process. Mesopores
could afford a wide transport channel for the electrolyte ions
to reach the micropores quickly to accomplish the charge
storage.*®

3.2. Electrochemical behaviors of the electrode

To verify the potential application of green pepper-derived
porous carbon in electrochemical processes, the active working
electrodes fabricated by using the as-prepared GPACs have
been investigated. The GPACs’ electrodes are evaluated electro-
chemically using three electrodes assembled in virtue of the
electrochemical workstation using a Hg/HgO electrode as a

2196 | Mater. Adv., 2023, 4, 2192-2200
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reference electrode and a platinum wire electrode as the
counter electrode as well as 1 mol L™! KOH as the electrolyte.
As described in Fig. 2a, the CV curves present a slightly deviated
rectangular shape without significant deformation at scan rates
from 2 to 200 mV s~ ', which reveal the dominant electro-
chemical double layer capacitance, along with the contribution
of pseudocapacitance.”” The curves with a quasi-rectangular
shape could still be maintained even at a high rate of 200 mv s,
which reveals the superior rate capability. The presence of weak
peaks in CV curves could be attributed to reversible redox
reactions, which demonstrates the synergistic contribution of
the bilayer capacitance from carbon and the pseudocapacitance
from heteroatom doping and functional groups.*® Additionally,
the CV curve of GPAC-4 exhibits the largest integral area
compared with other GPAC samples and GPC (Fig. S3, ESIY)
at a scan rate of 100 mV s~ !, which confirms the largest specific
capacity. Significantly, the construction of the heterostructure
is beneficial to monitor the electronic structure and provides
more active sites to heighten the transportation of electrons
and ions.*® For the galvanostatic charge/discharge (GCD) curves
(Fig. 2b) at a current density from 1 to 20 A g~ ', a quasi-triangle
shape with a linear voltage-time relationship are maintained,
which reflects the capacitive behavior.”® However, the triangles
tend to shift towards the right and further lead to the increase
of the final discharge time, which may be ascribed to the
pseudocapacitance derived from the heteroatomic groups.
Moreover, the synergistic effect of the bilayer properties and
pseudocapacitance behaviour can contribute to the electroche-
mical performance of the electrodes.’ Based on GCD curves,
the specific capacitance of GPAC-4 is as high as 863.1 F g™ at
1 A g ', which is higher than many other biomass-derived
materials®®™” and also agree well with the CV results. Even at a
high current density of 20 A g, the specific capacitance of
258.66 F g ' could be still obtained, owing to the ultra-high
mesoporous volume providing more favourable channels for
electrolyte ions to reach the electrolyte/electrode interface to
complete the charge storage.’® The green pepper-derived GPAC-4
with well-developed hierarchical pores and the heteroatom-
doped skeleton is a suitable electrode for supercapacitors.

AC impedance tests are performed to verify the internal ion
transport and equivalent resistance characteristics of the elec-
trodes. Nyquist curves (Fig. 2¢) indicate a typical form, with a
slight arc and a slight curvature in the high-frequency region,
and a curve with an angle of approximately 45° in the medium
frequency region as well as a nearly vertical straight line in the
low-frequency region.>® The intercept along the Z’ axis in the
high-frequency region represents the internal resistance gener-
ated by the interfacial contact resistance of the material using
the current collector, the ohmic resistance of the electrolyte and
the intrinsic resistance of the current collector. The diameter
of the slight arc of the solid axis in the high frequency region
represents the charge transfer resistance generated at the inter-
face between the electrode material and the electrolyte. The
Warburg reaction in the medium frequency region represents
the impedance generated by ion diffusion in the porous struc-
ture of the electrode material. The extremely short medium

© 2023 The Author(s). Published by the Royal Society of Chemistry
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plots of GPAC-4. (d) Capacitances of GPAC samples prepared using different ratios of precursor/KOH at different current densities. (e) Capacitances of
GPAC samples prepared at different temperatures at different current densities. (f) Cycling performance of GPAC-4 at 10 A g%,

frequency region represents the fast ion transfer rate of the
internal electrode.®® Based on the Nyquist curves, the GPAC-4
electrode demonstrates the best ion transfer and charge trans-
fer performance with a low internal resistance value of ~0.4 Q.

The specific capacitances of GPAC samples at different current
densities are presented in Fig. 2d and e. Compared with GPC
(483.47 F g " at 1 A g "), the specific capacitance increases to
863.1 F g ' at 1 A g '(GPAC-4), owing to the activation of KOH.
Additionally, GPAC-4 offers a much higher specific capacity than
other GPACs at all current densities. As for GPAC-4, the specific
capacity values are 863.10, 441.46, 319.85, 281.33 and 258.66 F g "
at 1, 2, 5, 10, and 20 A g’l, respectively. Additionally, the
capacitance of all the GPAC samples decrease with the increase
of the current density, which could be mainly ascribed to the
weaker diffusion ability of electrolyte ions at high current densi-
ties and further result in the incomplete utilization of the pores of
the active electrode material.®!

Cycling stability is an important parameter of the GPAC-4
electrode in practical applications. Surprisingly, the GPAC-4
electrode maintains 97.80% retention of the initial specific
capacity at 10 A g ' over 10000 cycles in Fig. 2f, which
demonstrates an excellent cycling stability. The superior
cyclability could be attributed to the increase of conductivity
and the reaction kinetics along with the cycling process, owing to

© 2023 The Author(s). Published by the Royal Society of Chemistry

@ Pyrolysis
e s—————
@ KOH activation

Green

Fig. 3 Schematic diagram of the formation of the supercapacitor.

the heterostructure and abundant defects (Fig. 3).°* The excellent
electrochemical reusability makes the GPAC-4 electrode a perfect
match for the construction of the supercapacitor.

3.3. Electrochemical behavior of the supercapacitor

To further investigate the practical performance of GPAC-4,
a symmetric supercapacitor (GPAC-4//GPAC-4) is constructed in
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1 M KOH as the alkaline electrolyte to conduct a two-electrode
electrochemical performance evaluation. As described in
Fig. 4a, the CV curves with the gradually increasing scan rate
from 2 to 200 mV s~ ' in the voltage ranging from 0 to 1.2 V
indicate a symmetrical rectangular shape without significant
shape distortions, which highlights the rapid ionic transport
process and reversible electrochemical reactions.®?

GCD curves of the assembled supercapacitor exhibit an
approximate isosceles triangle (Fig. 4b), which reveals the good
capacitance characteristics and good coulombic efficiency.®*
Defective microporous carbon materials could increase the
faradaic/non-faradaic reaction sites on the surface/near-surface
region and simultaneously constrain the ion diffusion path, and
further improve the conductive pathways.®> On account of GCD
curves at different current densities (Fig. 4c), the excellent specific
capacitance of 214.45 F g~ ' at a current density of 1 A g™ ' is
obtained. Even when the current density increases by 20 times to
20 A g, a high capacitance of 177.67 F g~ " with a rate retention
of 82.85% could still be maintained, which demonstrates the
excellent rate performance of the supercapacitor. Simultaneously,
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the corresponding areal specific capacitances of 0.429F cm™> at
1Ag 'and 0.355 Fg " at 20 A g~ are also deduced. Additionally,
the capacitance retention decreases from 214.45 F g ' to
177.67 F g~ ' accompanying with the current density ranging
from 1 to 20 A g~ '. At low current densities, ions move slowly
during charging, which leads to a large amount of charges
accumulating on the porous surface and higher specific capa-
citance. Meanwhile, at high current densities, ions move faster,
which results in a short time for charge accumulation on the
porous surface, and further lower specific capacitance.®®

Electrochemical impedance spectroscopy (EIS) measure-
ments are carried out in the frequency range of 0.01 Hz to
100 kHz. The Nyquist curve of the supercapacitor (Fig. 4d)
exhibits a semicircle in the high-frequency region and a sloping
line in the low-frequency region, which could be attributed to
the charge-transfer resistance and the Warburg impedance,
respectively.®” The semicircle on the EIS plot indicates a small
charge transfer resistance, which confirms good charge transfer
kinetics.®® The low internal resistance value of ~ 0.5 Q could be
ascribed to the introduction of heteroatom-doping and the

y
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Fig. 4 a) CV curves of the GPAC//GPAC symmetrical supercapacitor at different scan rates in the voltage window range of 0-1.0 V. (b) Galvanostatic
charge/discharge curves of the GPAC//GPAC symmetrical supercapacitor at different current densities. (c) Specific capacitances of the as-assembled
GPAC symmetrical supercapacitor based on the total mass of the active materials of the two electrodes at different current densities. (d) Nyquist plots of
the GPAC//GPAC symmetrical supercapacitor. (e) Ragone plots of the GPAC symmetrical supercapacitor and other previously reported carbon-based
symmetric supercapacitors. (f) Cycling performance of the GPAC symmetrical supercapacitor at a current density of 10 A g~* (the inset photograph of

lighting LED bulbs).
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porous structure, which contributes to accelerating electrolyte
diffusion and further improving the electrochemical perfor-
mance.®’

The energy density of the supercapacitor (Fig. 4e) reaches a
maximum of 42.89 W h kg™ " at a power density of 1200 W kg™".
Even at a high power density of 24 k W kg™, a high energy
density of 35.534 W h kg™ " is still obtained, which surpass that
of many other biomass-based supercapacitors reported in
recent years.”>” Moreover, the excellent energy/power perfor-
mances of the device can fill the gap between the high energy
density batteries and high power density electrical double-layer
capacitors.

To evaluate the long-term cycling stability of the super-
capacitor, the device is subjected to 10000 continuous GCD
cycles (Fig. 4f). The device indicates good cycling performances
with a capacitance retention rate of 96.27% after 10 000 cycles,
which is conducive for practical applications. This result also
demonstrates that green pepper-derived carbon materials with
a porous structure and defects not only provide additional
active sites for electrolyte ions to improve charge storage but
also enhance cycling stability.”® Such a superior performance
may be attributed to the stable ionic charge movement and
accumulation in the pores.”* To verify the practical use of the
supercapacitor, we have connected the two charged GPAC-4//
GPAC-4 supercapacitors connected in series to power a red LED
lamp (inset of Fig. 4f), which verifies the practical value of the
symmetrical supercapacitor.

Conclusions

To sum up, we have successfully engineered a novel green
pepper-derived nanocomposite GPAC-4 by pyrolysis along
with a KOH activation strategy. The GPAC-4 electrode for the
supercapacitor exhibits excellent rate performance, outstand-
ing cycling stability with a capacitance retention rate of
97.80% after 10000 cycles, and a high specific capacitance of
863.10 F g " at 1 A g~ '. Moreover, the GPAC-4-based super-
capacitor displays a high energy density of 42.89 W h kg™ " at a
power density of 1200 W kg™ *. The excellent electrochemical
supercapacitance is mainly ascribed to the synergetic effect of
the 3D carbon framework and the doping of heteroatoms,
which could provide a great guidance for the synthesis of
supercapacitor electrode materials.
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