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ABSTRACT ARTICLE HISTORY
Biowaste for producing a biomaterial is an inexpensive, profuse, widely Received 9 February 2023
ilable, and viable natural source and has been extensively investigated  Revised 12 May 2023

and applied in a wide ran f research fields. In this work, jackfruit leaf Accepted 13 May 2023
waste as a biowaste source was utilized to prepare a three-dimensional (3D) KEYWORDS
intercnnnecteq:us carbon framework self-doped with oxygen by Biowaste: Jackfruit leaf
impregnation, carbonization, and activation under a CO, atmosphere. The waste; 30 interconnected
as-prepared porous carbon has a 3D rcnnnected porous framework with porous carbon framework;
a rich oxygen content of 36.82%, and high BET surface area of 455.687 m”* g " oxygen-self-doped;

with re volume of 0.522cm’ g '. The 3D interconnected porous frame- supercapacitor

work exhibits a high specific capacitance of 199 F g ' with a maxim

energy density of 27.64 Wh kg™’ at a power density of 99.60 W kg™’ at

a sweep rate of 1 mV s~ in a two-electrode setup. The correlation between

structure and gr erformance of electrode materials is deeply studied. The

great capacitive performance of porous n materials can be assigned to

its 3D interconnected porous framework, high specific surface area, suitable

pore size distributions, and advantageous heteroatom-doping, resulting in

the rapid ion diffusion and sufficient charge storage along with the contrib-

uted pseudocapacitance behavior. Hence, the exciting results reveal an

efficient, cost-effective, time-saving, and facile method to prepare 3D inter-

connected porous carbon frameworks self-doped with oxygen derived from

natural biowaste sources for developing supercapacitor devices.

Introduction

The rapid economic growth around the world worsens the energy crisis; thus, it is significant to
expand green, s 29 inable, efficient, and environmentally amiable energy storage systems (ESSs). As
one of the ESSs, supercapacitors (SCs) have fascinated tremendous attention due to their ben such
as high power density (Hor and Hashmi 2020; Liangml, and Qi 2022), long lifetime cycle (Dai et al.
2020; Wang et al. 2020), low @aintenance cost (Ali et al. 2021; Ma et al. 2019), and wide operating
temperature range (Yanilmaz et al. 2019). The capacitive performance of a supercap@jtor depends on
electrodes, type of electrolyte, and type of device configuration. Several electrode materials such as
poro tivated carbon (Alcaraz et al. 2020; Rajesh et al. 2020), metal oxide (Khot and Kiani 2022;
Racik et al. 2020), and carbon/polymer (Pourjavadi et al. 2018) have been synthesized to fabricate SC
electrodes. Among them, porous activated carbon is the material of choice for SCs owing to its high
surface, excellent physical and chemical stability, highly porous structure, and good electrical
conductivity.

CONTACT Bidayatul Armynah @ armynahe3@gmail.com; Ea!lang Tahir @ dtahir@fmipa.unhas.acid @ Department of Physics,
Hasanuddin University, Makassar 90245, Indonesia

© 2023 Taylor & Francis Group, LLC
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Recently, biowaste-derived porous carbon for SC fabrication has garnered attention from research-
ers owing to its highly porous network, high surface area, renewability, abundance, and cost-

ctiveness. Various biowaste sources such as cotton waste (Liu et al. 2023), tea seed meal (You
et al. 2023), rice husk (Liu et al. @922), Zizania latifolia (Zhao et al. 2022), Tectona grandis leaf (Taer
et al. 2021), lycium chinensis (Xu et al. 2021), poplar catkin (Yang et al. 2021), pineapple leaf (Agustino
et al. 2020), foxtail grass seeds (Liang, Liu, and Wu 2021), and so on have been studied and utilized for
SC electrodes. However, porous carbon has loweg#fecific capacitance and energy density compared to
graphene and carbon nanotubes due to its pcor?ictrical conductivity and disarranged and cramped
porous structure (Panja, Bhattacharjya, and Yu 2015). To address this problem, designing porous
carbon with excellent capacitive performance is urgently needed. Currently, various methods, includ-
ing increasing porosity and heteroatom doping, hance the chemical surface structure and increase
electron distribution have been used to further en ax?he capacitive performance of SC electrode
materials (Z. Liu et al. 2020; Xu et al. 2022). Moreover, heteroat oping is another impressive route
to improve the performance of porous carbon and provides a combination of electric double-layer
capacitance (E and pseudocapacitance behaviors. In addition to producing a definite pseudoca-
pacitance effect, heteroatoms can enhance the wettability and polarity e electrode material surface,
thus boosting the capacitive performance of the electrode materials (Lu et al. 2022; You et al. 2023).
Heteroatom doping can be categorized into two strategies: (i) self-doping can be prepared via direct
carbonization of biowaste sources to perform hetero atom doping, and (ii) external doping involves
my@ffiiple steps that are tedious, complicated, and long-time processes.

n this work, a 3D interconnected porous carbon framework self-doped with oxygen was prepared
from j it leaf waste by KOH impregnation, carbonization, and activation under a CO, atmo-
sphere. The main objective of this work was to prepare a 3D interconnected porous carbon framework
self-doped with oxygen via the efficient, cost-effective, time-saving, and facile method. Afterward, the
framework was applied as electrode material for SC devices.

The preparation process of the porous carbon framework did not include an external dopant such
as urea, thiourea, melamine, phosphoric acid, and amines become as novelty his work. In
comparison with some reported references using external dopant such as urea (Ma et al. 2017),
melamine (Miao et al. 2022), phosphoric acid (Li et al. 2022), ammonia (Kolanowski et al. 2022),
boric acid (Sun, Xu, and Wang 2022), and so on. However, none of these studies analyzed the 3D
interconnected porous framework based ogpfckiruit leaf waste as a porous carb{ﬂsourcc. Thus,
compared with external doping, self-doping 1s a more cost-effective, facile, and green process. The as-
prepared porous ca material has a high specific surface area of 455.687 m” g ', 3D interconnected
pdFiilis framework, and pore size in the micropore range. These physical characteristics have resulted
in a high specific capacitance of 199 F g ' in a symmetrical two-electrode sggp. Thus, the jackfruit leaf
waste can be an alternative porous carbon source for synthesizing oxygen-self-doped activated carbon
as an electrode material for SC devices.

Experimental methods
Jackfruit leaf porous-activated carbon (JLPAC) preparation

Jackfruit leaf waste was collected from Tamalanrea Regency, Sout awesi, Indonesia. The leaf waste
was dried under direct sunlight for 2 days. Afterward, the leaf was cut into small pieces and dried in an
electric oven at 110 °C for 2 h. The dried leaf was precarbonized at 250 °C for 2.5h to remove water
molecules to obtain self-adhesive properties on the samples. The precarbonized sample was ground to
fine particles of fewer thaffi§3 microns. Fine particles (50 g) were impregnated into 0.3 mol L ' KOH
solution and were stirred in a hot plate at 80 °C for 2 h. The reaction of carborfiflecursors against
KOH is provided by the following equation: 6KOH +2C — 2K +3 H; +2K,CO; (Lillo-Rédenas et al.
2004; Lillo-Rédenas, Cazorla-Amorés, and Linares-Solano 2003). This is a solid/liquid redox reaction
with the main products being potassium (K), hydrogen (H,), and potassium carbonate (K,CO;). The
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as-activated samples were dried for 3 x 24 h at 110 °C. After that, under a pressure of 8 metric tons, the
as-activated samffEks were molded into a coin-like shape using a hydraulic press. Then, the samples
were carbonized at different temperatures, that is, 500°C, 600°C, and 700 °C, followed by activation at
850 °C for an hour under a CO; atmosphere. The as-obtained samples were immerg@p in distilled
water until neutral pH and were labeled as JLPAC-500, JLPAC-600, and JLPAC-700. The schematic
diagram for the preparation of porous carbon is provided in Figure 1.

Physical parameter characterizations

Various techniques were used to evaluate the physical characteristics of the as-prepared JLPAC.
Microstructures and elemental composition were inspected by SEM-EDX, JEOL-JSM 6510 LA.
Purity and crystal phase were characterized by X-ray diffractometers with CuKa (1=0.154nm) in
the range of 20°-80°. Adsorption/desorption isotherms of N, were collected using Quantachrome
Instruments Nova version 10.01 to infstigate the porous characteristics of the JLPACs. Before
physisorption measurements at 77.3 K, the samples were degassed at 120 °C for 4 hrsin a vaﬂn.
Specific surface area (SSA) was measured by the Brunauer—Emmett—Teller ( ) equation. The t-plot
theory was employed to obtain the micropore surface area and pore volume. Barrett—Joyner—Halenda
(BJH) method was applied to calculate pore size distributions.

Selfstanding electrode preparation

The electrodes were prepared using a self-standing model without any adhesive material, polymer
pigment, and carbon black. First, two pieces of electrodes for each variation were p@hed until
a thickness of 0.2 mm, diameter of 0.8 cm, and mass loading of +0.008 g cm > Then, the two pieces of
electrodes were assembled into a coin-like structure with a duck eggshell membrane as the separator.
H,SO, (1mol L") and stainless steel plate type 316 L were used as the smrolyte and current
collector. Finally, the electrodes and duck eggshell membrane were soaked in a 1 mol L ! H,50,
electrolyte before use.

ﬁcm}ch emical measurement

e electrochemical performance of the self-standing JLPAC electrodes was measured by cyclic
voltammetry (@F) tests in a symmetrical two-electrode setup. These measurements were operated
in the voltage range of 0-1V with sweep rates 1-10mV s ' at room temperature. The specific
capacitance (C,) and areal capacitance (C,) of the JLPACs based on the CV test were determined
using the following formula:

41

C = 1
- (1)

Ci=MxC, (2)

! - G
. KOH activation 3D interconnected pore
Tackdruit losf Carbonization and CO, activation

Symmetrical supercapacitor
devices

Figure 1. !chematic diagram for the preparation of porous carbon.
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where I (A), s (mVs '), m (g),and M (g cm?) are the charge/ arge current, sweep rates, total mass
of both electrodes, and electrode mass loading, respectively. The energy and power densities of the
self-standing JLPAC electrodes were determined using equations (3) and (4):

C.(av?)
Ey= 2t 3
1T 2%36 )
Ey
Py = 3600 x -2 4
d At (4)

where E; (Wh kg_l), Py (W kg'l), and At (s) is energy density, power density, and discharge time,
respectively.

Results and discussion
Physical parameter analysis

microstructures of JLPAC-600 and JLPAC-700 based on SEM images at different magnifications
can be seen in Figure 2. Figure 2 (a-b) shows the surface structure of JLPAC-600. Its surface has a 3D
interconnected porous framework with numerous micro-mesopores. The structure contains abundant
porous networks as a result of KOH impregnation in the raw materials. re 2 (c-d) depicts the
surface structure of JLPAC-700. The figures show that, after increasing the carbonization temperature
from 600 to 700°C and activating at 850°C, its surface structure remains as a 3D bonded pore
framework. However, the 3D pores on the surface tend to be fewer than those on the surface of
JLPAC-600. 3D porous networks have greater advantages over 2D networks for ESSs, owing to their
large contact areas, numerous active sites, and structural stability (Liang et al. 2020). In addition, the

iy
r

L1 J 4
-y . - .
o e g
" —-—d—-— e SET 15KV WDHOmm,

Figure 2. SEM photomicrograph of JLPAC-600 at 5000 (a), JLPAC-600 at 40,000x (b), JLPAC-700 at 5000 (c), and JLPAC-700 at
40,000 (d).
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Figure 3. EDS spectra of JLPAC-600 (a) and JLPAC-700 (b).

interconnected porous structure in the JLPAC sample is helpful in the transfer of ions in electro-
chemical reactions.

The EDX spectra of the JLPAC-600 and JLPAC-700 are shown in Figure 3. From Figure 3, iftqe
carbonization temperature is increased, the carbon content of the sample increases, and the oxygen
content decreases. As seen in Figure 2(a) and (b), JLPAC-600 and JLPAC-700 have carbon contents of
47.10% and the highest 54.96%, respectively. The as-prepared samples are also rich in oxygen content,
with 36.82% for JLPAC-600 and 32.54% for JLPAC-700. JLPAC-600 contains oxygen and has an
interconnected porous framework, thus facilitating effective ion diffusion, thereby improving hydro-
philicity and wettability on electrode surfaces, generating the pseudocapacitance effect (He et al. 2021;
Jia et al. 2022), thereby enhancing the capaci performance of JLPAC-600. The complete chemical
compositions of JLPAC-600 and JLPAC-700 are listed in Table 1.

Figure 4 (a - b) depicts the XRD spectra of JLPAC-600 and JLPAC-700. Both samples show similar
XRD spectra including the peak positions at different intensities for both aks. JLPAC-600 and
JLPAC-700 show two characteristic peaks at 22°-24° and 42°-44°, assigned to the (002) and (100)
crystal planes, related to the graphite structure and amorphous carbon framework, respectively. Sharp
peaks at 29.77°, 37.79°, 44.03°, and 64.39" are found in the JLPAC-600 spectrum, while those at 29.69°,
37.76°, 44.03%, and 64.41%are found in the JLPAC-700 spectrum. These peaks correspond to the

Table 1. Elemental composition of the JLPACs.

Elemental compaosition

Samples C (%) O (%) Si (%) Ca (%) Cu (%)
JLPAC-600 47.10 36.82 10.29 5.75 0.04
JLPAC-700 54.960 3254 8.30 4.1 -
(a) s JLPAC60 (b) *Tiracow
4100 400 <
= =
) =
';, 3040 4 : 3004
= 200+ = 204
- El (=)
# e 2 g 1004 . 2
- B g - 2
A st
L T T T T T T T T o T T T T T T T
W B M 35 40 45 S0 55 60 65 W 2% 30 35 4w 45 S0 55 60 65
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Figure 4. XRD spectra of JLPAC-600 (a) and JLPAC-700 (b).

20 (deg)
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Elgure 5. (a) Adsorption/desorption isotherms of N; and (b) pore size distributions of the JLPAC samples.

Table 2. Porous characteristics of the JLPACs.

mT Smu:ro Smm lecro VIOI DDO[E
Samples m g") m“ g (m“ g [m’g " fem’ g7 ) (nm)
JLPAC-600 455687 141.870 313.817 0.081 0.522 4,59
JLPAC-700 356,991 81.310 275.681 0.046 0.479 5.37

crystalline features of Si0O,, MgO, CaCO;, and CaO according to the JCPDS card nos. 89-1668, 89-
77 2-1690, and 82-1691, respectively.

sorption/desorption isotherms of N, were used to analyze the SSA and pore characte s of
JLPAC-600 and JLPAC-700. As shown in Figure 5(a), JLPAC-600 and JLPAC-700 display type IV
isotherms with H3-type hysteresis loop at P/Py >0.4 atm, which is revealing of the existence of
mesoporosity (Liang et al. 2019; S. Ma et al. 2019) and pore slit-like shape (Sui et al. 2014; Surya
and Michael 2020). When the relative pressure (P/Py) approaches 1, N, adsorption is significantly
larger, suggesting the presence of macropores (Guo et al. 2021). ]E&C-GUU and JLPAC-700 have BET
surface areas (Sper) of 455.687 and 356.991 m® g L respectively. This value is higher than those of 3D
porous carbon from Moringa oleifera leaves (412.196 m? g Y (Taslim, Apriwandi, and Taer 2022) and
activated carbon from palm petiole (436 m* g b (ng:ma et al. 2021). Furthermore, JLPAC-600 and
JLPAC-700 have pore volumes of 0.522 and 0.479 cm” g ', respectively.

The pore size distributions in the micropore range of JLPAC-600 and JLPAC-700 are illustrated in
Figure 5(b). Both samples contain various types of pores with sizes of 0.44-1.94 nm, in agreement with
the SEM results. It is shown that JLPAC-600 has a 3D interconnected porous framework, which is
advantageous to enhance the capacitive performance of electrodes. It is believed that micropores can
serve as absorption sites for EDLC, the mesopores serve as diffusion promoters, and the macropores
serve as the storage areas of electrolyte (Lin et al. 2019). Moreover, the ultra-micro; in both
samples, which are about less than 0.7 nm in diameter, can be made the dissolved ions closer to the
carbon walls (by distorted solvation, the electric double-layer is closer to the electrode materials, which
increases capacitance) in the electrolytes (Shao et al. 2020). As a result, JLPAC-600 has the capability to
provide excellent capacitive performance because of its large SSA and appropriate pore size distribu-
tions. The completely porous characteristics of JLPAC-600 and JLPAC-700 are summarized in Table 2.

Electrochemical behavior analysis

As discussed in the previous scctions,ﬁphysical meters of the JLPAC samples play a crucial role
in improving the electrochemical accessibi of the electrode material for charge storage (Scheers,
Fantini, and Johansson 2014). To confirm the electrochemical behavior of the self-standing JLPAC
samples carbonized at different temperatures, CV was employed using a symmetrical two-electrode
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Figure 6. CV plots of JLPAC samples at sweep rate of 1mV s~ "

setup with a 1 mol L™ H,S0, electrolyte, andresults are displayed in Figure 6 (a). Allthe CV plots
of JLPAC-500, JLPAC-600, and JLPAC-700 at a sweep rate of 1 mV s ' present quasi-rectangular
shapes, demonstrating that the JLPACs have an ideal electric double-layer formation. Among them,
the JLPAC-600 electrode has excellent performance, as shown by the hig enclosed area, indicating
the largest capacitance value, also in agreement with the SEM-EDS, surface area, and pore size
anams. The specific capacitances of JLPAC-500, JLPAC-600, and JLPAC-700 are 161, l and
109 F g_l, respectively. Meanwhile, the calculated areal capacitance of JLPAC electrodesis 1.56 F cm 2,
1.04Fem 2, and 0.77 F em 2, respectively. These results demonstrate that JLPAC-600 exceeds storage
capacity and its vp is higher than those of JLPAC-500 and JLPAC-700. The high specific and areal
capacitances may be attributed to the 3D interconnected porous framework o electrode material,
which provides a short and direct path for ion diffusion into electrode pores (Shan et al. 2016; Wang
et al. 2022). In addition, the chemical composition effect observed for JLPAC-600 by physical
parameter analysis seems to be favorable for assisting diffusion of SO,* ions and interface chemical
reactions, leading to higher specific capacitance. For JLPAC-600, having various pore size distribu-
tions has proven more effective for storing and releasing ions during the electrochemical process. In
addition, JLPAC-600 having a higher SSA and pore volume serves as a supporting porous material that
provides a sites and transports ions to facilitate electrochemical reactions.

Figure 7(a-c) presented the CV plots of JLPAC electrodes @Fferent sweep rates. Generally, all the CV
plots of the JLPAC-5 PAC-600, and JLPAC700 electrodes at different sweep rates of 1, 2, mV s
have still retained its quasi-rectangular shapes, indicating the electrical double-layEfJbehavior for porous
carbon based on biowaste materials. However, V plot of JLPAC-600 at sweep rates of 2 and 5mV s '
(see Figure 7b) shows a quasi angular shape with an obvious hump at a voltage range of 0.01-0.25 V,
indicating that JLPAC-600 hasg@&Zbmbination of electric double-layer and pseudocapacitance behavior. This
behavior can be ascribed to the existence of a high oxygen amount in JLPAC-600, as shown in the EDX
analysis, leading to a significant pseudocapacitive behavior contribution. Meanwhile, the CV plots of
JLPAC-500 and JLPAC-700 (see Figure 7(a and c)) did not show the existence of a p at a certain
voltage range, indicating that electric double-layer behavior dominates in both samples. Figure 7(d) shows
the specific capacitances as a function of sweep rates. The specific capacitance of JLPAC-600 declines with
a raising sweep rate because of the diffusion time limitation of the electrolyte ions and vice versa. Further, at
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Figure 7. CV plots at various sweep rates of JLPAC-500 (a), JLPAC-600 (b), JLPAC-700 (c), and (d) spedific capacitances vs. sweep rates.

Table 3. |E specific capacitance of the JLPP@ different sweep rates.
Specific capacitance (F g™")

Samples Tmys! 2mVs! 5mvs 10mvs’
JLPAC-500 161 128 116 105
JLPAC-600 199 175 143 90
JLPAC-700 109 102 94 83

alow sweep rate, the specific capacitances of the JLPACs are larger owing to the involvement of micropores,
which contribute to the charge of the double-layer capacitive system. Meanwhile, at a high ffyeep rate,
mesopores and micropores become more pronounced and accessible for efficient charging. In all these
contexts, the quasi-rectangular sh are found without any change because of the interconnected porous
framework, w indicates rapid 1on diffusion even at a high sweep rate (Iozzo et al. 2015; S%n and
Gogotsi 2008). The specific capacitances of the JLPACs at various sweep rates are listed in Table 3. Whi}the
sweep rate is 1 mV s 1, the specific capacitances of]LE}-SOO, JLPAC-600, and JLPAC-700 are 161 Fg_l,
199 F g_l, and 109 Fg_l, respectively. When the sweep rate is raised to 10 mV s ! the capacitance retentions
of JLPAC-500, JLPAC-600, and JLPAC-700 are 34.7%9%, 54.8%%, and 23.8%, respectively.

Another parameter like power densities and energy is crucial to evaluate the performance of super-
capacitors. From the fornf§is (3) and (4), the energy density of the JLPAC-500, JLPAC-600, and [FEJAC-
700 are 22 36, 27 64, 15.14 Wh kg_l with corresponding power densities of at 80.58, 99.60, and 54.56 W kg_l,
respectively. The calculated energy densities of the JLPAC samples are comparable to the values reported
previously for porous carbon-based supercapacitors with heteroatom-doping and are summarized in
Table 4. Generally, the synergistic effects of the 3D interconnected porous framework, rich in oxygen
content, high surface area, and advantageous heteroatom-doping provide an excellent capacitive perfor-
mance of the porous carbon materials derived from jackfruit leaf.
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Table 4. The capacitive performance of JLPACs compared to other biowaste derived from heteroatom-doped activated carbon.

@

Precursor Dopants img q ) (Wh kg_'] (W k:g_I References
Juncus N-doped 1379.9 205 28.6 5025  (He etal 2020)
Cicada slough N-O-codoped 2086 290 9.8 622 (Y. Liu et al. 2020)
Lotus leaves 0, N, 5, self-doped 3601 294 - - (Liu et al. 2020)
Chitin N, O heteroatoms-doped 1488 69.6 9.67 - (Y. Wang et al. 2020)
Sorghum seeds N, O-codoped 2132 2793 13.8 298 (Feng et al. 2021)
Allium cepa peel O self-doped 2962 189.4 22.1 396  (Alietal 2021)
Black fungus 0, N-codoped 12273 2093 7.3 - (Zhong et al. 2021)
Cottan fabric 0, N, P and S heteroatoms- 643.7 140.5 284 120 (Sun et al. 2021)
doped
Euphaorbia milii N, 5, P self-doped 2349 2903 39.75 496.5 (Nanda and Badhulika
2022)
Turtle shells O and N self-doped 2828 100.1 45.1 450  (Chen et al. 2022)
Cotton seed meal Heteroatomn self-doped 2361 7.8 10 125 (Jia et al. 2022)
Shrimp shell waste N self-doped 1508 163 11.23 2488  (Nanda et al. 2022)
Chitosan and graphene N, O heteroatoms-doped 984 58.7 14.7 - (Mo et al. 2022)
oxide
Jackfruit leaf waste 0 self-doped 455687 199 27.64 99.60  This work

Conclusion

The findings demonstrate that the oxygen-self-doped 3D interconnected porous carbon framework derived
from jackfruit leaf waste prepared by KOH impregnation, carbonization at different temperatures, and
activation under a CO; atmosphere and successtully applied as an electrode material in SC devices with

conclusion as follows:

¢ The samples were doped without the addition of external-doping agents such as urea, thiourea, and
melamine, which means that green process.

The 3D interconnected porous framework, rich oxygen content, high surface area, and advantageous
heteroatom-doping, the porous carbon materials exhibit a rapid ion diffusion, enough charge storage,
and contribute to pseudo capacitance behavior. 85

JLPAC-600 and JLPAC-700 show diffraction peaks at 22°-24° and 42°-44° for (002) and (100)
crystal planes indicating graphite structure and amorphous carbon, Espectively.

The JLPAC-600 electrode demonstrates an excellent electrochemical performance with a specific
capacitance as high as 199 F g ' and delivered maximum energy density 27.64 Wh kg ', which is
of good competition with various reported porous carbon materials.

This work shows efficient, cost-effective, time-saving, and facile method for preparing an
oxygen-self-doped 3D interconnected porous carbon framework from a natural biowaste source
reveals potential for developing porous carbon-based SC devices.
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