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Paper has gained increasing attention as promising flexible substrate for deformable energy storage systems. However, since low
mechanical strength and chemical resistance of commercial paper limited its practical application, mulberry paper (MP) has
alternatively studied, which exhibits high holocellulose content, hydrophilicity, and strong bonding with active material. Herein,
we prepared activated carbon (AC) using a one of common waste, orange peel (OP), and coated it on MP with additional coating of
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), thereby, fabricating hybrid-coated MP for supercapacitor.
The prepared AC exhibited enlarged surface area from 1.774 to 986.010m2/g, and increased total pore volume of 0.639 cm3/g.
Furthermore, additional coating of pseudocapacitive material enhanced electrochemical performance. Specific areal capacitance
increased approximately 2.3 times, especially showing 78.95Æ 3.04mF/cm2 under scan rate of 100mV/s. Moreover, fabricated
electrode exhibited enhanced energy density of 3.01 µWh/cm2 at current density of 0.5mA/cm2, thereby, complementing low
energy density of electric double layer (EDL) capacitive material. This approach, which combines biomass-derived AC and MP
with hybrid PEDOT:PSS coating, presents a promising pathway for next-generation sustainable energy storage systems.
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1. Introduction

As demand for wearable devices increases, flexible substrates
have been actively studied for reliable use in electronic devices
under deformable environments. Among these, paper is a
promising substrate due to its light weight, cost effectiveness,
abundance, and eco-friendliness. However, commercial paper,
which has been generally used in previous research, has low
mechanical strength and acid resistance, thereby, limiting its
application. This is because stability under repetitive deforma-
tion and in the presence of acidic electrolytes is crucial for
reliable operation of the flexible supercapacitor. Therefore,
the traditional mulberry paper (MP), known as Hanji, has
attracted increasing attention as a potential paper substrate.
Because MP consists of longer and thicker fibers than

commercial paper, it exhibits excellent mechanical strength
owing to enhanced van der Waals forces between fibers [1].
Furthermore, MP contains a holocellulose structure (a mixture
of cellulose and hemicellulose) with abundant ─OH groups,
which strengthen the bonding between intertwined fibers by
supplying numerous hydrogen-bonding sites and contributes
to the excellent wettability of the MP, compared to commercial
paper, polyethylene terephthalate, and cellulose filter [1–3],
thereby, allowing simple and large-scale solution coating [1].
In addition, the ─OH groups also participate in bonding with
coatingmaterials and contribute to strong adhesion with active
materials, as confirmed by previous studies [4, 5]. The other
primary structure of paper, lignin, is a component of the plant
cell wall, and the durability of paper depends on the lignin
content. Thus, the low lignin content of MP relative to
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commercial paper enhances the mechanical toughness of MP.
Therefore, the high holocellulose and low lignin contents ofMP
provide it with both excellent mechanical strength and wetta-
bility, thereby, ensuring more reliable operation and adequate
coating as a flexible substrate than other flexible substrates.

Although MP has notable advantages for use as a substrate
for flexible energy storage systems, it requires coating with
active materials due to its inherently insulating property. Acti-
vated carbon (AC) is a commonly-used electric double layer
capacitor (EDLC) material, and includes carbon nanotubes
(CNTs), graphene, and carbon black [6]. For practical applica-
tion, thismaterialmust satisfy the following characteristics: (i) a
high specific surface area (m2/g) to ensure a high specific capac-
itance value, (ii) a low resistivity, and (iii) a well-adaptedmicro-
texture to allow good electrolyte accessibility into the inner
surface of the electrode [7].

Conventional AC has a mesoporous structure, with pore
diameters in the range of 2–50 nm, and exhibits a large surface
area due to well-developed internal structure. Hence, when the
electrode is coated with conductive carbon materials, charge
accumulates at the electric double layer (EDL) via the electro-
static force to create a capacitance [6, 8]. Thus, AC has been
largely used for EDLC applications involving porous carbon
materials, for example, for catalyst supports, battery electrodes,
and capacitors [9, 10]. Moreover, AC is most widely used for
supercapacitor electrodes due to its low cost, high specific area,
and good conductivity [11]. In particular, AC derived from
biomass is more eco-friendly and cost-effective than commer-
cial AC, especially regarding production processing and recy-
cling [12]. Hence, as the exhaustion of fossil fuel becomes a
serious problem [13], biomass hasmany advantages in terms of
recycling, restoration, and consistent supply from natural
sources. In addition, the intrinsic properties of biomass, includ-
ing the presence of heteroatoms such as nitrogen (N), oxygen
(O), and sulfur (S), greatly contribute to high electrode perfor-
mance [14]. Moreover, biomass-derived ACs are recognized as
electrode materials with superior potential due to their favor-
able physical/chemical properties, including chemical stability,
low cost, scale-up capability, tunable microstructure, and vari-
ous surface functional groups [15, 16].

Various types of ACs can be obtained, depending on the
nature of the raw precursors, treatment conditions, and acti-
vating agent [17]. Hence, the choice of raw material and syn-
thesis process are crucial factors for the preparation and
properties of porous carbon [18]. Currently, materials of natu-
ral origin are often used as precursors in the synthesis of car-
bonaceous materials [19], so much research has been actively
performed on biomass-derived AC from various sources such
as rice husk [11], coconut shell [20], and reed straw [21]. In the
present study, AC is prepared by using orange peel (OP), which
has the potential to be a good precursor for the production of
highly porous AC by simple methods. OP is a widely available
and cost-effective material that is disposed of in large quantities
in both households and industries. The sustainable supply of
precursors from nature is significant not only from a large-scale
and long-term perspective but also in terms of recycling waste
into useful products for energy storage systems.

Notably, the combination of MP and biomass-derived AC
provides significant eco-friendliness as a flexible energy storage
system for wearable devices. Hence, an MP–based electrode is
fabricated herein for use as a flexible supercapacitor. Further,
after optimization of the AC coating, the electrochemical per-
formance of the as-fabricated MP–based electrode is evaluated
in areal metrics. In terms of thin-film electrode, the areal
metrics are primarily recommended to avoid misleading exag-
geration of gravimetric and volumetric capacitances due to its
small mass and volume and to consider its practical application
inmicro/nano devices and flexible electronics in the real world.
The results demonstrate that the as-preparedAC contributes to
the enhancement of power density due to formation of EDL on
its large surface area, while an additional coating of poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS),
which was examined to exhibit synergistic effect with EDL
capacitive materials [4, 22], increases the specific capacitance
based on faradaic reaction. Thus, the coating of PEDOT:PSS,
which is a representative pseudocapacitive material, comple-
ments the low energy density of the EDLC, while the AC con-
tributes to overcoming the low capacity retention of the
pseudocapacitor in actual device operation [23]. Overall, the
present study demonstrates the possibility of developing next-
generation eco-friendly energy-storage systems along with the
recycling of biomass while providing enhanced electrochemical
performance due to the hybrid coating of EDL and pseudoca-
pacitive materials.

2. Experimental

2.1. Materials and Methods. Oranges were purchased at a local
market in Korea, then peeled and dried in an oven for 24 h at
80°C for subsequent treatments. These included cleaning with
hydrochloric acid (HCl; 9M, Samchun), hydrothermal carbon-
ization (HTC), vacuum filtration, and treatment with potas-
sium hydroxide (KOH; 85%, Samchun). Thus, after drying, the
OP was dipped in 1M HCl solution for 12h to remove any
residues on the surface. After cleaning, washing, and drying, the
mass of the OP was found to have decreased to 50% of its
original value. The OP was then mixed with DI water in a
mass ratio of 1:5 and transferred to a teflon container for
HTC. The HTC was then performed for 2 h at 250°C in an
autoclave (CUHTV-0050, Cuotalab), followed by vacuum fil-
tration using a mixed cellulose membrane (MCE) filter (pore
size: 20 µm, Hyundai micro). The resulting HTC-OP sample
was then subjected to KOH activation. For this procedure, a
mixture of HTC-OP and 1M KOH was magnetically stirred at
80°C for 1 h for solvent evaporation, then, transferred to an
alumina boat and heated at 750°C for 2 h in a tubular furnace at
a heating rate of 5°C/min to obtain the OP-derived AC
(OPAC). KOH has been widely used as a cost-effective and
less corrosive activation agent, producing AC with high surface
area, uniform distribution of pore, and low environmental pol-
lution [24–26]. The KOH activation generally follows the reac-
tion sequence of R (1)–R (7):

2KOH→ K2OþH2O : dehydration Rð1Þ
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CþH2O→ COþH2 : water–﻿gas reaction Rð2Þ

COþH2O→ CO2 þH2 : water–﻿gas shift reaction

Rð3Þ

K2Oþ CO2 → K2CO3 : carbonate formation Rð4Þ

K2OþH2 → 2KþH2O : reduction by hydrogen Rð5Þ

K2Oþ C→ 2Kþ CO : reduction by carbon Rð6Þ

K2CO3 þ 2C→ 2Kþ 3CO : reduction by carbon Rð7Þ

First, KOH, which plays key role in the chemical activation,
is transformed into K2O at 400°C by dehydration (R (1)) and
then, water–gas reaction and water–gas shift reaction occur (R
(2)and (3)). However, gasification alone is not enough to
explain excessively porous structure of AC so that the addi-
tional mechanism occurs. At carbonization temperatures
higher than 700°C, the metallic potassium was formed and
by reduction with C and H2 (R (5)–(7)) and penetrated into
precursor. Therefore, the penetration of metallic potassium
influences the formation of porous structure, contributing to
high surface area. Finally, the activated OP was cleaned using
HCl to remove any remaining KOH, and the resulting organic
waste-derived product is designated hereafter as OPAC. The
full preparation procedure is shown schematically in Figure 1.

The PEDOT:PSS/OPAC@MP electrode was fabricated via
simple dip coating. For this procedure, the as-fabricated OPAC
as the active material was dispersed along with CNTs (6A, JEIO)
as a conductive additive in deionized (DI) water, with sodium
dodecyl-benzenesulfonate (SDBS; Samchun) as the surfactant. A
tip sonicator was used to prepare OPAC inks with various CNT:
OPACmass ratios of 1:0, 1:10, 1:20, and 1:30, wherein themasses

of CNTs and SDBS were fixed at 0.01 and 0.04 g, respectively.
The resulting inks are designated as OPAC0, OPAC10,
OPAC20, and OPAC30, respectively. Notably, OPAC0 does
not contain any OPAC, serving as a control group. Meanwhile,
0.95mL of the PEDOT:PSS (1.1wt%, Sigma–Aldrich,) was fur-
ther diluted in 4 g of DI water and 0.05mL of ethylene glycol
(EG; Sigma-Aldrich,) via magnetic stirring for further enhanced
conductivity. The MP (thickness: 20µm, Hanji-mall) substrates
were dipped into the abovementioned OPAC inks for 15 s, and
heated on a hotplate at 120°C for 10min to obtain the electrodes
designated OPAC0@MP, OPAC10@MP, OPAC20@MP, and
OPAC30@MP, respectively. Subsequently, the OPAC20@MP
electrode was dipped in the PEDOT:PSS solution for 15 s and
subjected to the same heat treatment to obtain the PEDOT:PSS/
OPAC@MP electrode. The entire electrode fabrication proce-
dure is shown schematically in Figure 2. For fabrication of
coin cell, the electrode was cut into circular shape with a radius
of 0.6 cm, resulting in an electrode area of 1.131 cm2.

2.2. Characterization and Measurement. TheMPwas charac-
terized via field-emission scanning electron microscopy (FE-
SEM; SIGMA 300, Carl Zeiss), rheometry (compac-100II, Sun
Scientific) for tensile testing, drop-shape analysis (DSA 100,
KRUSS) for contact angle measurement, and X-ray
photoelectron spectroscopy (XPS; K-Alpha+, ThermoFisher
Scientific) for the chemical composition. The tensile tests
were repeated 10 times, and the average values were taken as
the results. The as-prepared OPAC was characterized by FE-
SEMwith energy-dispersive X-ray spectroscopy (EDS), and by
its Brunauer–Emmett–Teller (BET) isotherm to identify its
pore structure, carbon content, and surface area. The
PEDOT:PSS/OPAC@MP electrode was also characterized by
FE-SEM to confirm proper coating of the active materials. For
electrochemical measurement, a symmetric coin-cell system
was employed using 1M sulfuric acid (H2SO4) solution

HCl cleaning and drying

Magnetic stirring in
1 M KOH solution 

Hydrothermal carbonization (HTC)

Vacuum pump

Activation in tube furnace

HTC-OP
liquid  

Vacuum filtration

750°C 
2 h

80°C, 1 h

OP

HTC-OP

MCE
membrane filter

250°C 
2 h

FIGURE 1: A schematic diagram showing the preparation of the orange peel-derived activated carbon (OPAC).
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(98%, Daejung) in DI water as an electrolyte. Cyclic
voltammetry (CV) was conducted in the voltage range of
0–0.85V (to prevent electrolysis of the DI water) at scan rates
of 5, 10, 20, 50, 100, and 200mV/s. The charge–discharge (CD)
curves were obtained at current densities of 0.2, 0.5, 1.0, and
2.0mA/cm2. Every performance metric is calculated in areal
term since areal performance is significant in practical
application in micro/nano devices and wearable electronics.
The specific capacitance (CS) was calculated from the CV
curve by using Equation (8):

CS ¼

Z
ImdV

kΔV
;

ð8Þ

where Im is current density per unit area, which represents
current (I) divided by electrode area (A);

R
ImdV is the enclosed

area of the CV curve, k is the scan rate, and ΔV is the voltage
window. A and ΔV were considered fixed at 1.131 cm2 and
0.85V, respectively, throughout the experiment.

The specific capacitance (designated CCD) was also calcu-
lated from the CD curve by using Equation (9):

CCD ¼ ImΔt
ΔV

; ð9Þ

where Δt is the discharge time.
The energy density (E) was then calculated using

Equation (10):

E ¼ CCD ΔVð Þ2
2

; ð10Þ

and the power density (P) was calculated using
Equation (11):

P ¼ 3600E
Δt

: ð11Þ

3. Results and Discussion

3.1. Characteristics of the MP. As with the typical commercial
paper, the as-fabricated MP is derived from wood materials,
which generally consist of cellulose, holocellulose, and lignin
(Figure 3a). The surface morphology, mechanical strength,
hydrophilicity, and surface chemistry of the MP and commer-
cial paper are compared by the SEM images, tensile test results,
contact angle measurements, and XPS analyses in Figure 3b–e.
First, the SEM images in Figure 3b indicate that the MP has
thicker and longer fibers than the commercial paper. These
fibers are expected to contribute to mechanical strength due
to strong network formation via van der Waals forces. Indeed,
the stress–strain curves in Figure 3c demonstrate that the MP
exhibits superiormechanical strength to that of the commercial
paper.

With respect to the wettability, the results in Figure 3d
indicate that the droplet on the MP has a contact angle of
93.2° and is rapidly absorbed after only 12 s, whereas the initial
contact angle on the commercial paper is 100.4° and shows
little change (to 100.1°) after 60 s. Finally, the chemical com-
positions of the MP and commercial paper are confirmed by

PEDOT:PSS/OPAC@MP

OPAC ink
via tip sonication

PEDOT:PSS solution
via magnetic stirring

&

PEDOT:PSS

OPAC

OPAC@MP

MP
OPAC 
CNT
SDBS

PEDOT:PSS
EG 

Hot plate
120°C, 10 min 

Hot plate
120°C, 10 min 

O

O
OH

HO

OO

S

S ONa

CH3(CH2)10CH2

SO3

FIGURE 2: A schematic diagram showing the fabrication process of the PEDOT:PSS/OPAC@MP electrode. MP, mulberry paper; OPAC,
orange peel-derived activated carbon; PEDOT, poly(3,4-ethylenedioxythiophene); PSS, polystyrene sulfonate.
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FIGURE 3: Continued.
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the XPS results in Figure 3e. Here, the abundant ─OH,
C─O─C, and C─H bonds of holocellulose (the mixture of
cellulose and hemicellulose) appear as larger peaks in the
MP, while the commercial paper exhibits a larger peak at
287.7 eV due to the C═O group, which is the primary boding
component in lignin. These results indicate that the MP has a
higher holocellulose content and lower lignin content than the
commercial paper. The ─OH functional groups in the holocel-
lulose structure contribute to hydrophilicity and provide
hydrogen-bonding sites, thereby, increasing the mechanical
strength and the wettability of the paper. These results confirm
that the MP exhibits superior adhesion with active materials
due to its excellent wettability [27], attributed to its inherent
characteristics. Therefore, the MP with high holocellulose con-
tent is a powerful candidate for use as a substrate for flexible
electrodes.

3.2. Characteristics of OPAC. The chemical compositions and
surface properties of the dried OP and OPAC are revealed by
the EDS results, FE-SEM images, and BET analyses in Tables
S1 and S2 and Figure 4. The dried OP contains 82.79 at%
carbon (C), along with some nitrogen (N) and oxygen (O),
while the carbon content of the OPAC increased to 93.08
at%, with corresponding decreases in the other components,
due to proper pre-carbonization and activation (Table S1).
Moreover, the FE-SEM image of the OP powder indicates a
randomly rough surface without any clear structure (Figure 4a),
while the OPAC powder exhibits a well-developed pore struc-
ture due to KOH activation (Figure 4b). These results are fur-
ther confirmed by the BET isothermal analyses in Figure 4c,d
and Table S2. Here, the total pore volume (Vtotal) significantly
increased from 0.00343 to 0.639 cm3/g after activation. The

BET surface area (SBET) is also seen to have increased dramati-
cally from 1.774m2/g for the OP to 986.010m2/g for the
OPAC. The expanded porosity and surface area contributes
to rise in EDL capacitance. Moreover, the development of
mesopores in the OPAC is indicated by its adsorption and
desorption average pore diameter (APD) values of 2.496 and
2.688 nm, respectively, compared to 6.435 and 9.016 nm for the
OP. The mesopore diameter of the as-prepared OPAC is
advantageous for application as an EDL capacitive material
because it facilitates ion adsorption on the surface, whichwould
be hindered in micropores of less than 2nm.

3.3. Characteristics of the MP–Based Electrode With the
Hybrid Nanocomposite Coating. The successful coating of
activematerials is confirmed by the FE-SEM images in Figure 5.
The microscale mulberry fibers of the bare MP are clearly
observed in Figure 5a and such fibers are seen to cover the
OPAC0@MP and OPAC20@MP in Figure 5b,c. At higher
magnification, the OPAC0@MP, which contains no OPAC,
exhibits only densely coated CNT fibers on the mulberry fibers
(Figure 5d), while the OPAC20@MP exhibits a coarse porous
surface (Figure 5e). This result demonstrates that the OPAC
not only has a porous structure by itself, but also enables the
fabrication of an electrode with large surface area. Moreover,
the top-view FE-SEM image of the PEDOT:PSS/OPAC@MP
electrode in Figure 5f demonstrates the formation of thick layer
of PEDOT:PSS due to the polymer property.

The coating of OPAC and PEDOT:PSS is further con-
firmed by the XPS results for the bare MP, the OPAC@MP,
and the PEDOT:PSS/OPAC@MP in Figure 6 and Figure S1.
Thus, in the full survey spectra (Figure S1), the bare MP exhi-
bits primary peaks due to the C 1s and O 1s, while a minor S 2p

100.4° 100.1° 93.2°

12 s
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60 s ˜ 

Commercial paper
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In
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FIGURE 3: (a) The chemical structures of the various components of paper, the comparative SEM images (b), stress–strain curves (c), contact
angle measurements (d), and X-ray photoelectron spectroscopy (XPS) profiles (e) of the commercial paper and mulberry paper (MP).
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peak appears after coating with OPAC due to the SDBS surfac-
tant in the OPAC ink. Moreover, the intensity of the S 2p peak
is notably increased after coating with PEDOT:PSS, which can
be attributed to the sulfur atoms and sulfonate groups of
PEODT:PSS.

In further detail, the C 1s peak of the bare MP can be split
into several peaks located at 284.4, 286.2, and 287.4 eV
(Figure 6a), which correspond to the C═C, C─O/C─S, and
C═O bonds, respectively. After coating with OPAC, the C 1s
peak is resolved into components corresponding toC═C,C─C,
and C═O bonds at binding energies of 284.4, 285.2, and
287.0 eV, respectively. Further, after coating with PEDOT:
PSS, the C 1s peak is simplified so that the split peak shows
components corresponding to C═C at 284.4 eV and C─N/C─S
at 285.7 eV, which is consistent with previous study [4].

Consistently with the overall XPS results (Figure S1), no S
2p peak appears in the bareMP (Figure 6a), while low-intensity
S 2p peaks appear at 168.5 and 170 eV after coating with OPAC
(Figure 6b). These peaks originate from SDBS, which was used
as a surfactant in the OPAC ink. The molecular structure of
SDBS is shown in Figure 6b. After additional coating with
PEDOT:PSS, the S 2p peak separates into two peaks, represent-
ing the PEDOT and PSS groups (Figure 6c). The PEDOT group
is further deconvoluted into peaks corresponding to the
PEDOT 2p3/2 and PEDOT 2p1/2 at 163.4 and 164.8 eV, while
the PSS group is deconvoluted into two peaks at 167.8 and

168.8 eV, corresponding to the PSS 2p3/2 and PSS 2p1/2, respec-
tively [22, 28, 29].

3.4. Electrochemical Measurements. The optimal ratio between
the EDL capacitive material (OPAC) and conductive additive
(CNTs) can be identified by comparing the capacitance values
calculated using the CV and CD curves of the various
OPAC@MP samples in Figure 7a,b. Here, the curve area and
discharge time are seen to increase as the mass of OPAC
increases, thereby, resulting in higher capacitance. Consequently,
the areal capacitances calculated using theCV andCD curves are
shown in Table S3 and Figure 7c,d. As the mass of OPAC
increases, the capacitances tend to rise, reaching highest value
with OPAC30@MP. However, between OPAC20 and OPAC30,
the performance improvement isminimal relative to the increase
in mass of active materials, suggesting saturation state. This
result is attributed to low electric conductivity of OPAC com-
pared to CNT. Therefore, OPAC20@MP can be considered as
the most favorable electrode with a Cs and CCD of 36.23Æ 3.46
and 18.25Æ 1.09mF/cm2, respectively, compared to 4.18Æ 1.38
and 1.69Æ 0.18mF/cm2, respectively, for the OPAC0@MP.
Therefore, the OPAC20 dispersion was utilized in subsequent
experiments and electrochemical measurements to prepare
OPAC@MP and PEDOT:PSS/OPAC@MP electrodes.

For the electrochemical measurements, symmetric super-
capacitors were fabricated using either the OPAC@MP or the
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FIGURE 4: The top-view field-emission scanning electron microscopy (FE-SEM) images (a and b) and isothermal analyses (c and d) of the
dried orange peel (OP) (a and c) and OP-derived activated carbon (OPAC) (b and d).
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FIGURE 5: The top-view field-emission scanning electron microscopy (FE-SEM) images of (a) the bare MP, (b) the OPAC0@MP, and (c) the
OPAC20@MP. (d and e) High-resolution images of the areas indicated by the red squares in (b) and (c), respectively. (f ) The top-view FE-
SEM image of the PEDOT:PSS/OPAC@MP. MP, mulberry paper; OPAC, orange peel-derived activated carbon; PEDOT, poly(3,4-ethyle-
nedioxythiophene); PSS, polystyrene sulfonate.
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optimized PEDOT:PSS/OPAC@MP electrode by using a coin
cell system. The electrode and separator were soaked in 1M
H2SO4 electrolyte and stacked in the coin cell can in the fol-
lowing order: electrode, separator, electrode, spacer, and spring.
The stack was then capped with the coin cell cap. The electro-
chemical performances of these supercapacitors are compared
via the corresponding CV and CD curves obtained under scan
rate of 100mV/s and current densities of 0.5mA/cm2 in
Figure 8a,b. Here, the curve area and discharge time are seen
to increase with the additional coating of PEDOT:PSS. Using
Equations ((8) and ((9), the enlarged curve area and prolonged
discharge time are found to contribute to higher capacitances
(CS andCCD) calculated from the respective CV andCD curves.
Thus, in Figure 8c and Table S4, the PEDOT:PSS/OPAC@MP
exhibits CS values that are approximately 2.3 times higher than
those of the OPAC@MP under each scan rate. For example, at
a scan rate of 100mV/s, the PEDOT:PSS/OPAC@MP electrode
exhibits a CS of 78.95Æ 3.04mF/cm2 compared to 36.23Æ
1.42 mF/cm2 for the OPAC@MP. Moreover, from
Equation (10), the energy density (E) is increased by 66%,
from 1.81 to 3.01 µW h/cm2 (at a current density of
0.5 mA/cm2) for the OPAC@MP and PEDOT:PSS/
OPAC@MP, respectively, thereby, indicating that coating
with the pseudocapacitive PEDOT:PSS enhances the low
energy density of the EDL capacitive material.

In addition, the cyclic stability of each supercapacitor was
measured during 15,000 cycles at a current density of 5mA/cm2,
and the results are presented in Figure 8d. Here, the cyclic sta-
bility is seen to be improved after coating with PEDOT:PSS,
especially after 10,000 cycles. This is because the PEDOT:PSS

layer prevents delamination of the carbon-based materials so
that the PEDOT:PSS/OPAC@MP is reliable for long-term use
with excellent capacitance retention of 84.4% after 15,000 cycles,
which is excellent compared to previous studies using biomass-
derived AC [34–38]. Further, the electrical conductivity of each
supercapacitor is evaluated by the electrochemical impedance
(EI) measurements in Figure 8e. Here, the Nyquist plots indicate
that the electrical conductivity of the PEDOT:PSS/OPAC@MP
device increased relative to that of the OPAC@MP device, as
indicated by a lowering of the inflection point of the equivalent
series resistance. This, in turn, leads to an enhanced energy
density for the PEDOT:PSS/OPAC@MP even compared with
previous studies (Figure 8f).

4. Conclusions

Herein, organic-based materials were prepared from OPAC,
and the optimized material was used to fabricate MP–based
electrode for use in a flexible supercapacitor. The OPAC was
fabricated via HTC followed by activation with KOH, which is
a well-known method for preparing AC from organic waste.
Due to this sequential fabrication procedure, the OPAC devel-
oped a pore structure and increased carbon content, thus,
resulting in an increased specific surface area (SBET) and total
pore volume (Vtotal) of the OPAC were 986.010m2/g and
0.639 cm3/g, respectively (1.774m2/g and 0.00343 cm3/g for
the OP). Therefore, the prepared OPAC exhibits enhanced
properties for capacitive behavior based on EDL and the pre-
cursor from nature provide sustainability and eco-friendliness
as well as cost effectiveness in practical view.
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FIGURE 8: The electrochemical measurement results for the OPAC@MP and PEDOT:PSS/OPAC@MP samples: (a) the cyclic voltammetry
(CV) curves, (b) the charge–discharge (CD) curves, (c) the areal capacitances calculated using the CV curve under various scan rates, (d) the
cyclic stability during 15,000 cycles, (e) the electrochemical impedance (EI) Nyquist plot, and (f ) the Ragone plots compared with previous
studies [30–33]. Inset in (e) is the equivalent circuit for the Nyquist plot. MP, mulberry paper; OPAC, orange peel-derived activated carbon;
PEDOT, poly(3,4-ethylenedioxythiophene); PSS, polystyrene sulfonate.
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With regard to the coating of the MP with the active mate-
rial, theOPAC ink was prepared in variousmass ratios of CNT:
OPAC (1:0, 1:10, 1:20, and 1:30) and the optimal ratio was
found to be 1:20. The optimal OPAC20@MP electrode exhib-
ited a specific capacitance of 36.23Æ 3.46mF/cm2 according to
CV at a scan rate of 100mV/s and a specific capacitance of
18.25Æ 1.09mF/cm2 according to the CD curve at a current
density of 0.5 mA/cm2. These capacitance values were
extremely higher than those of the OPAC0@MP (4.18Æ 1.38
and 1.69Æ 0.18mF/cm2, respectively), due to the increased
surface area and pore structure, which enabled more energy
to be stored.

Subsequently, the optimal OPAC20@MP electrode was
dipped in PEDOT:PSS solution to provide enhanced capaci-
tance and energy density. Electrochemical measurements indi-
cated that the resulting PEDOT:PSS/OPAC@MP electrode
exhibited a specific capacitance of 78.95Æ 3.04 mF/cm2

according to CV at a scan rate of 100mV/s, which represents
an increase of about 2.3 times compared to that of the
OPAC@MP (36.23Æ 1.42mF/cm2). Moreover, the energy
density (E) was increased from 1.81 to 3.01µWh/cm2 after
extra coating of PEDOT:PSS, thereby, demonstrating that
pseudocapacitive material improved the low energy density
of the EDL capacitive material.

In brief, the present paper concentrated on the effective
preparation of organic-derived AC and evaluated the electro-
chemical performance of the as-fabricated PEDOT:PSS/
OPAC@MP electrode. This investigation proposes sustainable
and eco-friendly electrodes by combining AC andMP, derived
from recycling biowaste and biodegradable substrateswith flex-
ibility, respectively. Furthermore, this electrode, with a hybrid
coating of EDL capacitive and pseudocapacitive materials, has
potential applications in next-generation energy storage sys-
tems, providing increased capacitance and enhanced energy
density due to the synergistic effect. The demonstrated results
are expected to broaden the possibilities for advanced energy
materials, opening avenues for future research on the scalability
and employment of various precursors, which should be
addressed.
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