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This successfully performed a facile one-way KOH impregnation strategy, to hierarchically prepare inter-
connected porous carbon and self-oxygen doped from Averrhoa bilimbi leaves waste, as binder-free electrode
material (PCBLs) for high-quality symmetrical supercapacitor. 3D porous structure and surface area PCBLs-
derived controlled by different KOH concentrated solution. KOH infiltrated into precursor as act activation
agent to completely removed inorganic impurities, result high carbon content of 85.54-87.22% with oxygen
functional group of 10.61-14.71%. The precursor impregnated at 0.5 mol/L possessed excellent micropores
87.69%, adjusting mesopores and appropriate amounts of oxygen doped of 14.71%. As aresult, it performed high
performance of symmetrical supercapacitor. Furthermore, the electrochemical performance was evaluated
within a two-electrode system ygige a binder-free solid coin design in different aqueous electrolytes of 1 M
H;50,4, NaOH, and NaySOy, res) ely. This indicated that the symmetric supercapacitor-based PCBL-5 had a
high specific capacitance of 203 Fg ' in 1 M HaS04 aqueous electrolyte at a eurrent density of 1.0 A g% It also
showed impressive energy densities of 26.54, 21.85, and 16.12 Wh kg'l in 1 M H3504, NaOH, and NajS0y, at an
optimum power density of 178.44 W kg~'. The observed desirable excellent material and electrochemical be-
haviors of the new source hierarchical porous carbon derived from Averrhoa bilimbi leaves waste would be a
competitive candidate as electrode material in the development of high-quality supercapacitor devices.

1. Introduction the electrolyte and the surface heteroatom functional groups, as a

pseudo-capacitance behavior [4]. This indicates that electrode modifi-

Energy conversion systems and storage devices are important aspects
that should encourage the creation of effective, efficient, sustainable,
renewable, and pollution-free green power sources. As an alternative
device, supercapacitors are found to combine the advantages of energy
storage systems, including traditional capacitors and batteries [1]. This
indicates that supercapacitor is an efficient, clean, safe, and cheap
alternative energy storage device, which provides high power and fast
charging rate, as well as possess a very long life cycle [ 2]. Due to their
high performances, these devices have reportedly been applied to elec-
tric vehicle technology, communication and pulsed laser systems, as
well as military equipment, although low energy output limits their
practical applications [3]. The energy storage capacity of the super-
capacitor depends on the charge accumulation at the EDLC (electrode/
electrolyte interface) or the rapidly reversible redox reaction between
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cation with 3D hierarchical interconnected and controlled pore struc-
tures is the main key to enhancing supercapacitor energy, accompanied
by electrolytic ion variations [5-7]. In addition, the electrode materials
providing hierarchical 3D pores with a high surface area includes metal
oxides/hydroxides [8], transition metal sulfides [9], conductive poly-
mers [10], metal-organic frameworks [11], and porous carbon [3].
Recently, porous carbon has recently displayed outstanding material
properties as a high-performance electrode material, especially in
biomass-based activated carbon with a specific surface area of —4000
m? g~! [12,13]. This is also in accordance with a newly study reported
by Jiang et al. [14] which confirms the potential of the plant as an
advanced material electrode for supercapacitor [14]. Despite the rela-
tively low mean capacitive properties of 200 F g ', these materials have
been successfully synthesized through a clean, inexpensive, non-toxic,
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and corrosive-free facile approach, compared to metal oxides, con-
ducting polymers, and metal-organic frameworks. Several previously
reported biomass conversion strategies into porous activated carbon
have been found to be effective, such as hydrothermal [14], chemical-
physical activation [15], molten salt [16], and template [17]. Among
these techniques, the chemical-physical activation method is mostly
recommended, due to being simpler, easier, more cost-effective, and
time-saving [ 18]. Moreover, the porous structures obtained is interest-
ingly a hierarchical 3D adjustable pore and self-doping heteroatoms,
such as N, O, P, which ensures high EDLC properties and the apparent
pseudo-capacitance possessed by activated carbon-based electrode ma-
terials [19-21]. According to Aruchamy et al. [22], porous carbon was
obtained from Parthenium hysterophorous leaves, through the chemical
activation of KOH wil ultra-high surface area of 4014 m? g~ ! [22].
This indicated that the supercapacitor electrode obtained a high specific
capacitance of 270 F g ! and a confirmed oxygen doped heteroatom of
6.35%. The study of Zheng et al. [22] also synthesized activated carbon
from kapok flower, through the impregnation of 4:1 KOH:carbon,
indicating the abundance of oxygen doped as a supercapacitor electrode,
which improved the specific capacitance of 286 F g~ ' [23]. Based on
Zhang et al. [24] adjustable micro and macropore ratios of biomass-
based activated carbon were provided for performance of
outstanding capacitive properties. This indicated an excellent specific
capacitance of 477 F g~! in an aqueous electrolyte, regarding a pecan
shell waste-based activated carbon electrode [ 24]. In addition, Xu et al.
[25] modified an electrode based on the activated carbon obtained from
honeysuckle flowers, to suit a liguid ionic electrolyte through KOH
impregnation, subsequently leading to a capacitive property of 186 F
g ! [25]. Although the obtained energy density was mostly between 10
and 20 Wh kg " with a relatively low conductivity, these studies were
still found to be very interesting. This was because very few biomass
precursors were synthesized by the best approach to generate 3D-linked
hierarchical pore structures, accompanied by heteroatom self-doping.
Therefore, the development of activated carbon-based electrode mate-
rials from new biomass precursors is still a big challenge to increase the
energy density of supercapacitors. This indicates that there has been no
study on starfruit (Averrhoa bilimbi L.) leaves waste as a carbon material
with a 3D hierarchical pore structure with self-heteroatoms doped.
Averrhoa bilimbi is a tropical fruit originating from Malaysia, which is
subsequently distributed to Indonesia, Singapore, Thailand, and other
Southeast Asian countries [26]. In Indonesia, it is also one of the leading
agricultural commodities with high production of 101,553 tons/year
[26]. Based on the continuous yearly harvest period, the dried leaves of
this fruit assumably cause high waste and pollution. Recent studies have
reported a high potential of dried starfruit leaves as activated carbon as
electrode material [27.28]. However, their applications as super-
capacitors are relatively low and should be deeply investigated.

Based on the aforementioned conditions, this study aims to deter-
mine a 3D-linked hierarchical porous carbon followed by self-oxygen
doped was synthesized and optimized from starfruit (Averrhoa bilimbi
L.) leaves effluent via one-way KOH impregnation as a high-quality
electrode material (PCBLs). The obtained activated carbon was pre-
pared for electrochemical evaluation in a two-electrode configuration
system, through a binder-free design. Subsequently, the precursor was
converted through a combination of pre-carbonization, KOH impreg-
nation, carbonization, and physical activation. This indicated that the
pore structure distributions were controlled by different KOH impreg-
nation concentrations, at 0.3, 0.5, and 0.7 mol/L, respectively. To
confirm their best electrochemical properties, the PCBLs electrodes were
reviewed in different 1 M aqueous electrolytes, including H,50,, NaOH,
and Naz504. Using a facile, simple, clean, and cost-effective method, the
presented leaves waste-based porous carbon demonstrated good elec-
trode supercapacitors application, with its advantages indicating the
following, (i) The chemical impregnation of KOH at different concen-
trations controlled 3D hierarchical pores and self-oxygen doped, and (ii)
the binder-free electrode design ensured high conductivity in
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supercapacitor applications, through a two-electrode configuration.
Therefore, this work highlights the potential of starfruit (Averrhoa
bilimbi L.) leaves as a source of hierarchical porous carbon rich in self-
oxygen doped for high-quality electrode materials in energy storage
device applications.

2. Materials and methods
2.1. Precursor and material preparation

Green Averrhoa bilimbi leaves were harvested from the farm of the
University of Riau, Pekanbaru, Indonesia, and sundried until the color
became pale. Subsequently, the precursor was sliced into small pieces
and heated through a drying oven at 110 °C. The sample was then pre-
carbonized through a vacuum oven at 250 °C, as well as ground using a
ball-milling and crusher via a 250 mesh sieve. At <60 pm, the homo-
geneous powder samples were ready to be chemically impregnated and
converted to a monolithic solid coin precursor. In this study, the utilized
chemicals include KOH, NaOH, H2504, and NasSO4, obtained from
Merck KgaA, Darmstadt, Germany, and Qui Mica S.A.U, Barcelona,
Espana. KOH was used with a precursor as a chemical impregnation,
while NaOH, Na3504, and H2504 were utilized as aqueous electrolytes.

2.2, Porous carbon Averrhoa bilimbi leaves (PCBLs) preparation

The chemical impregnation of KOH solution with precursor powder
was performed through a hotplate at 5:1. This indicated that approxi-
mately 150 mL of KOH solution was prepared in a beaker and mixed
with 30 g of precursor powder. Subsequently, the mixture was placed on
a hotplate weistirer and rotated at 80 “C and 300 rpm, respectively. In
this study, the KOH solution was varied at four different concentrations,
including 0.0, 0.3, and 0.7 mol/L, where the chemically-
impregnated precursor was dried in a drying oven at 110 °C for 36 h.
The powder obtained was then milled and converted into a 20 mm
diameter coin solid through a 250 mesh sieve and hydraulic press,
respectively. The impregnated precursor powder was also prepared to
weigh 0.7 g and subsequently placed in a metal mould with a diameter of
20 mm. Furthermore, the container was compressed through a hydraulic
press at a pressure equivalent to a mass of 8 tons, although did not
require any binder. For each KOH concentration variation, as many as
20 pieces of solid coin precursors were prepared and placed in hori-
zontal furnace tubes for high-temperature pyrolysis. In this study, the
pyrolytic process contained carbonization and physical activation,
which were carried out in one integrated step. This indicated that
carbonization was carried out by continuously flowing N gas into the
furnace tube from 30-289 °C and 299-600 “C, at gas rates of 1 and 3°C/
min, respectively. The physical activation process was also marked by
the change of the furnace atmosphere from N, to CO, at 600 “C. This was
subsequently increased to 800 °C at 10 “C/min for 2 h 30 min. Addi-
tionally, the solid carbon of the obtained coins was neutralized by
washing with distilled water for 4-5 days, until the ABLs were neutral
(pH = 7). To facilitate data interpretation, the samples were denoted as
PCBL-P, PCBL-3, PCBL-5, and PCBL-7, respectively. The preparation of
PCBLs as high-quality electrode material for symmetric supercapacitor
was reviewed in Scheme 1.

2.3. Material characterizations

The change in the density of the carbon coin PCBLs was evaluated
through the shrinkage of dimensions on high-temperature pyrolysis.
This indicated that density was calculated based on the standard equa-
tion of solid coin mass, thickness, and diameter, with the design being
assumed to have the shape of cylinder geometry [29]. The morpholog-
ical properties and porosity of PCBLs were also reviewed by scanning
electron microscopy (SEM) and N» gas absorption, where the specific
surface area (SSA) was analyzed using the Brunauer-Emmett-Teller
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Scheme 1. The preparation of PCBLs as high-quality electrode material for symmetric supercapacitor

(BET) method. Subsequently, the pore size di@ution was assessed
using the Barrett-Joyner-Halenda (BJH) and non-local density func-
tional theory (NL-DFT) techniques. In this study, the phase structure
and functional group groups were detected by X-ray diffraction (XRD)
and Fourier transform infra-red (FTIR). Lattice parameters such as
interlayer spacing (dnx) and microcrystalline dimensions (L), were
also evaluated by Bragg's law and the Debye-Scherrer equation, with the
elemental status of the carbon PCBLs being reviewed through the energy
dispersive spectroscopy (EDS) method.

2.4. Electrochemical performances

The electrochemical properties of supercapacitors were evaluated
through cyclic voltammetry (CV), galvanostatic charge/discharge
(GCD), and electrochemical impedance spectroscopy (EIS) mmds.
This was carried out in different aqueous electrolytes within a two-
electrode configuration system, namely 1 M H3504, NaOH, and
Nas504. The working electrode was also prepared by a binder-free solid
coin design, with a diameter and thickness of 8 and +0.2 mm, respec-
tively. Moreover, a supercapacitor cell separator was prepared from an
eggshell membrane at a 0.5 mm thickness, with CV and GCD were
assessed within 0.0-1.0 V at different scan rates and constant current
density of 1-10 mV s~! and 1.0 A g7, respectively. Electrochemical
impedance spectroscopy was also evaluated from 10 MHz to 100 kHz,
with the specific capacitance, as well as energy and power densities
being determined by standard eguations based on a two-electrode
system.

3. Results and discussions

Biomass-based porous activated carbon had great potential in
designing solid binder-free electrode materials, as reported by previous
studies. This approach specifically benefitted the materials in main-
taining high real electrochemical conductivity. Furthermore, the Aver-
rhoa bilimbi leaves-based porous activated carbons showed similar
potency and should be initially evaluated on the effect of high-
temperature pyrolysis. Fig. 1 illustrates the densities of the designed
PCBLs in a solid system electrode material, where the selected treatment
including KOH impregnation, carbonization, and physical activation,
significantly affected the design dimensions. Before the integration of
one-step carbonization and physical activation, the density of PCBLs was
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Fig. 1. The density reduction of PCBLs.

approximately 0.998 g cm ™ at a measurement error of 2.45%. After the
application of several treatments, the solid dimensions of the PCBLs
coins regularly decreased to 0.7980, 0.6100, 0.5600, and 0.5400 g a3
for PCBL-P, PCBL-3, PCBL-5, and PCBL-7, respectively. This indicated
that the impregnation of KOH solution with 0.0-0.7 mol/L graded
concentration had a higher density reduction of approximately 45.89%
at high-temperature pyrolysis. The result subsequently initiated the
evaporation and formation of the complex compound and carbon cavity
structure in the solid PCBLs. Increasing the concentration of KOH also
ensured more carbon reactions, where the byproducts produced K2CO3y
and repeatedly reacted with C to produce evaporated COz and CO
compounds |30]. Moreover, the physical activation temperature of
800 °C maximized the reduction of tar and ash in the precursor material,
allowing the opening of small pores and increasing the formation space
of a high carbon framework [31.32]. The combination of these two
processes subsequently initiated the formation of high porosity, char-
acterized by their decreased density. However, the =50% density
shrinkage still maintained their solid form strength for increased con-
ductivity and porosity properties. This was analyzed more deeply on the
pore structure and morphology, through SEM and N3 gas absorptions, as
well as the electrochemical property analyses.
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Based on this study, the stratified synthetic route of KOH chemical
impregnation, carbonization, and physical activation of the PCBLs
improved their morphological structure and porosity, as shown in Figs. 2
and 3. To increase their SSA, the impregnation process was used to
create a hierarchical porous network on the carbon surface, where the
morphology of the obtained PCBLs samples was evaluated by SEM
(Fig. Za-h). This indicated that the PCBL-P obtained without KOH
impregnation morphology showed carbon block aggregates (Figz. Za),
due to being generally smooth with no obvious porous framework signs
(Fig. 2b). In addition, there was a large pore of 292 nm in the 50 nm
magnification area, where the obtained PCBL-3 relatively showed
different morphologies indicating a confirmed framework, although
they were not markedly visible (Fiz. 2¢). This indicated that the
impregnation of 0.3 mol/L KOH caused the formation of carbon walls,
subsequently initiating 3D hierarchical pores. Also, Fig. 2d had meso-
pores between 10 and 25 nm, with the area at 50 nm magnification
showing their hierarchical structure with an abundance of micropores.
This indicated that the reaction of KOH with the p! or carbon dis-
charged the complex bonds of the carbon wall as CO, COz, and H20,
which initiated the formation of the mesopores and rich micropores
[33,34], as shown in Table 1. At higher concentrations in PCBL-5, KOH
impregnation intensely reduced the carbon frameworks, leading to their
hierarchical structure formation being optimum all over the surface
(Fig. 2e-f). This pore characteristic essentially ensured high ion

Journal of Energy Storage 52 (2022) 104911

exchange, with increased electro-active current providing great power
for the electrode material [35,36]. The holes within the walls of the
pores also allowed the 3D movement of the ions across all possible active
surfaces, leading to multiple electrical layers and increased energy
density [37], as shown in the CV and GCD profiles. According to the
prepared magnification area, macropores and mesopores were detected
between 115-204 nm and 16-45 nm, respectively. At high KOH con-
centration, the increase within the PCBL-7 also showed all-surface pore
morphology with various sizes on the nm to micron scale, as presented in
Fig. 2g. Due to the larger KOH impregnation, the carbon skeleton
erosion initiated the new pores formation and the expansion of their
diameter size, with the macro and mesopores ranging between 67-345
nm and 24-49 nm, respectively. In addition, no 3D pores structures were
found on the PCBL-7 as shown by the 50 nm zoom, indicating that the
provision of higher KOH concentrations eroded the carbon frameworks
and reduced their 3D porous structure.

The porosity characteristics and comprehensive pore information of
the PCBLs were also determined using the nitrogen adsorption-
desorption measurements at a temperature of 77 K. This indicated that
the PCBLs showed different nitrogen adsorption-desorption profiles, as
illustrated in Fig. 3, where PCBL-P exhibited a type-III feature uncom-
mon for porous carbon, subsequently confirming very weak porosity.
The open hysteresis loops also characterized imperfect mesoporous
structures with widened pores in the middle, compared to the top

Fig. 2. SEM image of PCBL-P at (a) 1 pm, (b) 250 nm, PCBL-3 at (¢) 1 pm, (d) 250 nm, PCBL-5 at (e) 1 pm, (f) 250 nm, and PCBL-7 at (g) 1 pm, (h) 250 nm.
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Fig. 3. Nitrogen adsorption-desorption isotherms of (a) PCBL-P, (b) PCBL-3, (¢) PCBL-5, and (d) PCBL-7.
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Table 1
Porosity properties of PCBLs.
PCBLs  Sger (m® Sijc (0" Sieso (m* Vi (em® Diner
[ gl gl [ (nm)
PCBL. 35.500 19.044 16.956 0.0531 59
P
PCBL. 992,360 757.455 234904 0.6177 2.4
3
PCBL. 936.086 B820.863 115.223 0.5725 25
5
PCBL. S00.809 697.964 202846 0.5482 23
7

(Fig. 3a). According to Table 1, PCBL-P had a surface area and volume of
35.5 m® g ! and 0.0531 cm® g, respectively. At different concentra-
tions in high-temperature pyrolysis, the KOH activation significantly
showed a characteristic IV-type curve, which was very different from
PCBL-P (Fig. 3b—d). In addition, a large increase at a low relative pres-
sure of P/P0 < 0.1 indicated rich microporosity, while a hysteresis loop
at 0.4 < P/P0 < 1.0 signified highly developed mesoporosity. In this
study, an increase in absorption also indicated macroporosity at a
relative pressure greater than 0.95. This showed that the KOH impreg-
nation on the biomass precursor of Averrhoa bilimbi leaves obtained a
hierarchical pore structure with high porosity, as discussed previously in
the SEM image (Fig. 2). The discharge of potassium and carbon dioxide
during thisimpregnation was also confirmed to enhance micropores and
mesopores at high-temperature pyrolysis, as summarized in Table 1,
where the PCBL-3 illustrated a type-IV curve characteristic with a
slightly discemable loop hysteresis. This was quite different from the

PCBL-P, due to showing a dominant microporosity characteristic of
757,455 m? g ! at a total volume of 0.6177 cm® g~'. For PCBL-3, KOH
impregnation increased the porosity of the precursor to 992.360m? g !,
subsequently enhancing the possibility of the electrode having a high
active site for the interaction of electrolytic ion charges, to produce an
abundant electrical layer [38]. PCBL-5 also showed a type-IV curve with
a more pronounced hysteresis loop than PCBL-3, indicating that the
samples had a pore diameter expansion with mesopore size, as shown by
their higher mean at 2.5 nm. Due to this pore characteristic, the sample
provided a short ion transport pathway, causing the current to
dramatically increase. These results consequently sacrificed their spe-
cific surface areas, as illustrated in Table 1.

At a high concentration in PCBL-7, the KOH impregnation showed a
larger hysteresis loop than PCBL-5, suggesting that more intense wall
reduction reactions produced larger pores [39]. This was in line with the
SEM analysis shown in Fig. 2g-h, which indicated the reduction of their
specific surface areas to a greater extent. However, this pore charac-
teristic ensured that the electrode had reservoir properties for electro-
lyte ions. Based on Fig. 4, the complete pore size distribution of PCBLs
ranged between 0.4 and 150 nm, showing the various micropores,
mesopores and macropores. At high pyrolytic temperature treatment
routes, the impregnation of KOH significantly led to a 3D hierarchical
pore structure, with the chemical process relevantly increasing the
microporosity in PCBL-3, PCBL-5, and PCBL-7. It also produced higher
well-developed mesopores and macropores. This indicated that the
impregnation adjusted the dominant size of the micropores and meso-
pores, from 1.8-1.2 nm and 5-3 nm, respectively. The combination of
these three pores also increased the high performance of storage appli-
cation, especially energy and power densities [40], whose mixture
significantly affected the charge and discharge processes of the porous
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Fig. 4. Pore sizes distributions of PCBLs.

carbon-based supercapacitor.

Based on Fig. 4, the phase formation and microcrystal properties of
the obtained PCBLs were reviewed on the XRD pattemn. This indicated
that the XRD pattern of the porous carbon showed the association of
weak peaks with the (002) and (100) type reflection planes at 25° and
457, subsequently characterizing its amorphous graphite phase [41,42].
The high interlayer spacing of the (002) diffraction around 0.35-0.39
nm (Table 2) also confirmed the low graphitization degree, due to the
strong KOH impregnation effect on high-temperature pyrolysis [43]. At
different concentrations of PCBL-3, PCBL-5, and PCBL-7, KOH

Table 2

Interlayer spacing and lattice parameters of PCBLs.
PCBLs 002 (") 200 () doga (nm)  digo (nm) Lo (nm) Ly (nm)
PCBL-P 25.365 46.144 0.3508 0.1965 0.8579 1.6178
PCBL-3 23.441 44919 0.3792 0.2016 0.5961 1.3353
PCBL-5 25.464 46,706 0.3495 0.1943 0.4106 0.8280
PCBL-7 24.760 45.441 0.3592 0.1994 0.5639 3.5608

impregnation shifted the diffraction peak (002) to a higher angle, indi-
cating more defects in the disturbed carbon structure, leading to the
initiation of rich hierarchical porosity [44]. This was in line with the
SEM images and N, gas absorption/desorption profiles, which
confirmed the 3D hierarchical pores structures. In addition, the
diffraction peak (100) of PCBLs was found to be stronger, indicating a
distorted carbon deposition structure [45]. In this study, the XRD
pattern randomly showed weak sharp peaks at 36°, 397, 47°, 48°, and
57°, indicating that small amounts of metal oxide compounds charac-
terized potassium carbonate (Ca0/CaC0O+) in small quantities [46]. This
is agreement with EDS confirmation as shown in Table 3. This was a
stratified treatment effect still abandoning the basic constituents of
biomass [47]. Impurities of Ca, or Mg, and Si can inhibit the ion trans-
port rate in the electrode material as well as cover the possibility of pore
structure formation on the carbon surface [46]. However, the elemental
oxygen attached to them as an oxide component can contribute to the
electrochemical properties by increasing the wettability and self-
heteroatomic properties of the pseudo-capacitance system [48]. This
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Table 3

Elemental analysis of PCBLs.
PCBLs Elementals

C (%) 0 (%) Mg (%) Ca (%) K (%) Si (%)

PCBL-P B5.54 1244 0.64 1.27 0.21 0.15
PCBL-3 B7.22 1061 0.71 1.35 0.03 0.08
PCBL-5 B3.22 1471 0.00 2.08 0.00 0.00
PCBL-7 B6.28 1163 0.60 119 0.22 0.07

analysis is strengthened through FTIR spectrum data, EDS data, and CV
analysis. Table 2 summarized the interlayer spacing and microcrystal-
line dimensions of the (002) and (100) PCBLs diffraction. The spacing
(002) was also relatively higher than the graphite structure, indicating a
well-developed amorphous structure [49]. Furthermore, a relatively
constant dg, characterized a weak graphite structure and was consid-
ered normal for organic waste-based carbon materials [50]. This indi-
cated that the microcrystalline dimension of L, was closely associated
with the formation of an active site suitable for ion diffusion at the
electrolyte/electrode interface [51]. The low L, value also characterized
multiple active sites in PCBLs, through their empirical equations.
Therefore, PCBL-5 had high porosity properties initiating the formation
of abundant electrical layers and their high charge conductivity. This
was in line with the SEM analysis shown in Fig. Ze-f.

FTIR analysis provides information on the functional groups avail-
able on the PCBLs surface, with Fig. 5 showing the spectra of the porous
activated carbon based on starfruit leaves of PCBL-P, PCBL-3, PCBL5,
and PCBL-7. The results showed that vibrational bands were observed
for OH/NH (3444 cm™"), CH (2925 and 2854 cm '), C=0/C=N (1670
cm ™) and CO/CN (1080 cm ™) in the PCBLs spectrum. This indicated
that the PCBLs-P exhibited relatively different spectra from the PCBL-3,
PCBL-5, and PCBL-7 as precursors. It also showed that the PCBL-P had a
relatively complex absorption band in the wavenumber of 4500-450
cm™. The OH/N—H strain mode of the hydroxy functional group was
subsequently observed to be high at th of 3471 cm™ !, due to water
being adsorbed and accompanied by the C=0 stretching vibration at
1828 cm ! [52]. In addition, the peak at 1557 cm ™' was determined for
the C—C and O—H deformation vibrations in phenol and carboxylic acid
[53]. This indicated that the appearance of the absorption band in the
vicinity of 1000-900 cm ! was ascribed to the C—O bonds in alcohols,
phenols, and carboxylic acids [54]. At 718 cm ™!, the occurrence of the
phenomenon was probably due to the presence of C—H, with the band at
524 cm~! being assigned to C—O—H. After the routine stages of
carbonization, as well as KOH and CO, activations, the intensity of these
vibrational bands drastically decreased due to the partial elimination of
nitrogen or oxygen functional groups, as shown in PCBL-3, PCBL-5, and

"
*

*[CaCo,]

X-ray intensity (a.u)

20 (degree)

Fig. 5. X-ray diffraction patterns of PCBLs.
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PCBL-7 spectra. Although the range of this band did not shift dramati-
cally, the broad strain bands of OH/N—H were still significantly
reduced. This was due to the occurrence of water loss based on the KOH
impregnated at high temperatures [55]. The peak around 1800-1700
em! also surprisingly disappeared, characterizing the function of
vaporized oxygen as CO and CO,. From C—Cand O—H, the vibrations of
phenol and carboxylic acid were consequently confirmed in the
1555-1467 cm ™! band, although relatively low. In addition, the func-
tional groups C—H and C—0—H were drastically reduced, indicating
the optimum evaporation of volatile compounds, water content, and
complex compounds due to the applied synthesis route. Besides that,
some oxygen and nitrogen functions were still present in the obtained
carbon contributing to the provision of wettability and hydrophilicity
behaviors [56], which were in line with their elemental status (Table 3).
According to Table 3, the elemental status of the PCBLs evaluated
through the EDS technique was summarized, where carbon and oxygen
status were high between 83-87% and 10-16%, respectively. This
indicated that the carbon element dominating more than 3/4 of the
PCBLs ensured the provision of high active sites on the electrode ma-
terial, subsequently supporting the formation of an abundant electrical
layer, as analyzed in the N3 gas absorption profiles and SEM images
(Figs. 2 and 3). The presence of elemental oxygen also justified the FTIR
analysis contributing to the provision of self-doping heteroatoms, with
the effects in-depthly analyzed through the CV and GCD profiles. In
addition, other elements were observed in very small amounts of PCBLs,
such as Mg, Ca, K and Si (Table 3), with their presence in the EDS
spectrum increasing due to the selected synthesis route still retaining the
basic and relatively low elemental constituents of the precursor.

The electrochemical performance of the PCBLs electrodes was
investigated through the CV, GCD, and EIS techniques, at a two-
electrode configuration within a 1 M H»504 agueous electrolyte. At
different scanning rates, the CV profile was confirmed from 1 to 10 mV
s~ ! within the voltage window potentials between 0.0 and 1.0 V. The
rectangular shape with pseud o-waves at a potential window of 0.4-0.6 V
also reflected the combination of an electrical double layer and a
pseudo-capacitance charge-storage mechanism, using binder-free PCBLs
as the working electrode power-source. Thesel indicated that the
two-electrode configuration of PCBLs exhibited a specific capacitance of
83-285F g 'at 1 mVs ', confirming that KOH impregnation on high-
temperature pyrolysis obtained different capacities and reversibility
regarding the distinguished concentrated solutions [57]. Furthermore,
KOH impregnation drastically increased specific capacitance from 43 to
166 F g~ !, as shown by PCBL-P and PCBL-3. The addition of 0.3-0.5 m/L
also provided an increase of 166-285 F g~! in a peak specific capaci-
tance of 71.68%, due to the presence of abund ant micropores and higher
reactive site interface (Table 3) [58]. The pseudo-wave peaks subse-
quently widened to a potential window of 0.2-0.6 V, indicating an in-
crease of self-oxygen doping to the electrode capacitive increase
(Table 3) [48]. This indicated that increasing the KOH concentration in
PCBL-7 was found to decrease the current density of approximately
43.6%, leading to the specific capacitance being reduced from 285 to
199 F g~ L. It also showed that the degraded active site due to the
widening of the pores in PCBL-7 led to less storage space in the elec-
trode, where lower oxygen reduced pseudo-behaviors. In addition, the
diffusion-reactj of the electrode-electrolyte rface on KOH-
impregnated was examined through differe anning rates be-
tween 1 and 5 mV s ', as shown in Fig. 6b—d. When the scan rate
increased from 1 to 5 mV s, the limiting current density elevated with
the curve profile maintaining a wide distorted rectangular shape, indi-
cating normal EDLC properties. This hypothesized that the gradient of
the electrolyte ion transfusion changed during the forward and back-
ward scans [59]. The results also showed the effect of electrolytic ion
diffusion around the surface of PCBLs with increasing scanning rate.
Based on this study, the dependence of the current density on the
scanning rate provided insights into the mechanism of charge storage
through electrochemical capacitors. At the scanning rates between 1 and
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Fig. 6. IR spectrums of PCBLs.

10 mV s, the diffusion-controlled specific capacitance ratio of the
PCBLs electrode is shown in Fig. 7e, where the capacitive contribution
decreased as the evaluation value increased. When this rate was rela-
tively low, the electrolyte ions had sufficient ime to enter the space
within the electrode. This indicated that the increase in the high scan-
ning rate caused the inability of the electrolyte ions to completely access
the interior of the active material at high current densities, although
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only the outer surface of the electrode was used for charge storage [60].
The relatively weak mesoporous structure was also insufficient to pro-
vide adequate access for additional ionic storage.

Galvanostatic charge/discharge (GCD) was implemented as an in-
depth approach to evaluate the capacitive properties, as well as the
energy and power densities of PCBLs electrodes (Fig. 7f-h). This showed
that the GCD profile indicated an isosceles triangle shape wi like
trend of variation in specific capacitance, from 39 to 293 F g ! at a
current density and scan rate of 1 A g ! and 1 mV s, respectively. In
the charging process, the GCD profile was in line with a waveform shape
(Fig. 7f), indicating ion degradation due to oxygen self-doping as a
Faradaic storage behavior [23]. The observed “IR drop” quite confirmed
the resistance of the PCBLs at 0.213, 0.172, 0.111, and 0.097 Q. These
lower values indicated a higher conductivity from the PCBL-P to PCBL-7
electrodes, with the KOH-activating agent significantly increasing the
conductivity of the precursor at approximately 54.46%. Moreover, the
obtained specific capacitance drastically increased from 39 to 293 F g,
as shown in PCBL-P to PCBL-5, where the KOH-activating agent was able
to dramatically increase the specific surface area of the precursor from
35 to 992.360 m> g, This led to the formation of abundant electro-
active layers, initiating excellent capacitive properties. At 0.5 mol/L,
KOH impregnation treatment provided a well dispersed and rooted
porosity structure on the electrode surface, leading to an increase in the
interconnected pores and reactive sites [61]. However, increasing the
KOH concentration to 0.7 mol/L led to a consequent reduction in surface
area, widening the pore size and decreasing their capacitive properties
by 26.66% to 215 F g~ . The columbic efficiency of the PCBLs electrodes
was also interpreted through the ratio between the charge and
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discharging times on the GCD profile, as illustrated in Fig. 7g. This
indicated that the efficiency obtained for PCBL-P, PCBL-3, PCBL-5, and
PCBL-7 was 49.12, 50.85, 70.53, and 62.28%, respectively. An increase
in this efficiency was also found with increased KOH impregnation,
confirming the high collective interpenetration and accessibility of the
elec es [62]. In addition, the energy density of the symmetric
elec based PCBLs was obtained between 2 and 26 Wh kg~! at a
high power&lsity of 32-173 W kg !, as shown on the Ragone plot
(Fig. 7h). TRe&Showed that the PCBL-5 electrode provided a significant
increase in the energy density (94%) of 26.5439 Wh kg, at a high
power density of 173.45 W kg ', indicating a higher result than most
previous reports on biomass-based supercapacitors. At a concentration
of 0.5 mol/L, KOH impregnation treatment on starfruit leaf precursors
allowed the formation of a micro-mesoporosity optimized for activated
carbon. The modification of the hierarchically-connected pore structure
also facilitated the intercalation between the different crystallographic
structures, which significantly increased the cyclical stability, as well as
the combined energy and power densities [63]. During cycle, the
obtained supercapacitors subsequently exhibited the reversibility of
charge and discharge profiles over the full operating voltage range with
relatively low energy losses, compared to metal oxide electrodes. This
performance indicated that the PCBL-5 electrodes designed in a binder-
free dual configuration had very high capacitance capabilities than the
reported results [64,65].

The EIS (electrochemical impedance) spectrum of the PCBL-5 elec-
trode was further investigated in Fig. 7i, to observe its high electro-
chemical properties. This showed that the {Syquist plot of the PCBL-5
sample was divided into two parts based on a semicircle and a diagonal-
vertical line in the high and low-frequency regions, respectively. In the
high region, the Nyquist plot intercepting with the real axes and semi-
circular diameter is closely related to fast ionic responses in a 3D hier-
archical porous structure and low contact resistance [66]. Furthermore,
PCBL-5 showed a steep slope in the low region, confirming its fast ionic
diffusion and migration ability.

To show reliable electrochemical properties, the performances of the
PCBL-3, PCBL-5, and PCBL-7 electrodes were reviewed through different
aqueous electrolytes, including 1 M NaOH and NasSO4, respectively.
The CV profiles are illustrated in Fig. 8a and b, where a non-ideal
rectangular shape was observed, accompanied by a waveform along
the potential window. This confirmed the normal EDLC properties
embellished by the pseudo-capacitance effect [67]. As previously
shown, the oxidative functional groups of carbonaceous materials
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underwent the faradic redox reactions caused by the interactions
involving the electrolyte ion and the bound FG (functional groups) [68].
This indicated that the NaOH electrolyte was advantageous for the
function/doping of carbon materials, to subsequently increase pseudo-
capacitance than Na,S0,. In the carbon material, the presence of oxygen
functional groups increased the apparent capacitance contribution in
the aqueous electrolyte, which led to the elevation of the owverall
capacitive reactance of the electrode. Moreover, the maximum capaci-
tance found at the PCBL-5 electrode was 189 and 175 F g ! in the NaOH
and NasS04 electrolytes, respectively. These were in line with the data
on the HsS04 electrolyte, although the values were lower. This was
subsequently due to the high electrolyte conductivity of HzS0s4,
compared to NaOH and Na,S50,4. The five times larger radius of the
hydrated Na* ion also limited high performances [69].

At 1 to 10 mV s~ !, the specific capacitance-controlled diffusion of
NaOH and Na,S0, in the PCBL-3, PCBL-5, and PCBL-7 electrodes are
shown in Fig. 8c and d, where the capacitive contribution subsequently
reduced as the scanning rate increased. When this rate became relatively
low, the electrolyte ions had sufficient time to enter the space within the
electrode. This indicated that a higher scanning rate caused the inability
of the ions to completely access the interior of the active material at
increased current densities, although only the outer surface of the
electrode was used for charge storage [45]. The relatively weak meso-
porous structure was also insufficient in providing adequate access for
additional ionic storage. This led to a considerable capacitive reduction
of 64% in the NaOH electrolyte, as shown at the PCBL-5 electrode.
Moreover, NasS04 interestingly maintained 76% higher capacitive
properties than the NaOH electrolytes in 10 mV s~ !, although the spe-
cific capacitance value was relatively low. This was closely related to the
contribution of Na® and SO3 ions, which effectively assessed the
mesopores within the PCBLs [70]. Based on CV analysis, the capacitive
properties of PCBLs was observed in stages from large to small, through
the electrolyte differences at H,50, > NaOH > Na,S0,4. The PCBL-3,
PCBL-5, and PCBL-7 electrodes were also confirmed by Galvanostatic
charge/discharge in different aqueous electrolytes of 1 M NaOH and
NasS04, as shown in Fig. Se and f. Subsequently, the GCD profile indi-
cated a non-ideal isosceles triangle curved form with confirmed elec-
trolyte ion degradation, where the contribution of the oxidative
functional groups underwent a redox reaction. This indicated that the
ionic charge was degraded during the charging process, initiating the
apparent PCBLs capacitance. In this condition, the reaction also led to
the columbic efficiency being highly degraded compared to the Hy50,
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electrolyte. For NaOH and Na3504, these efficiencies were observed at
61.56, 46.59, and 53.51% for PCBL-3, PCBL-5, and PCBL-7, respectively.
In this study, the self-doping heteroatoms of 10-14% significantly eli-
cited a pseudo-capacitance effect, which was confirmed in NaOH,
accompanied by Na,50, and H,50,4. This indicated that the overall
capacitance of PCBLs was maximally increased. In aqueous NaOH
electrolytes, the PCBL-3, PCBL-5, CBL-7 electrodes showed specific
capacitances of 111, 197, and 168 F g~! at a current density and scan
rateof 1 A g !and 1 mV s~ !, respectively. This was in line with the data
shown for the Ha504 electrolytes, although the capacitive reduction was
nearly 50% due to ionic mobility and low conductivity. On the other
hand, the NasS04 electrolyte showed different trends with specific
capacitance values of 145, 187, and 92 F g~! for PCBL-3, PCBL-5, and
PCBL-7, respectively. For the PCBL-7 electrode, the least capacitive
properties were observed and accompanied by a large “IR drop”, indi-
cating the incompatibility of the Na,50, electrolyte to the pore size
distribution development. In addition, the reduced surface area
accompanied by a relatively narrow mean pore impeded the ionic
diffusion pathway, leading to low capacitive properties and high resis-
tance [71].

Overall, different aqueous electrolytes generally exhibited various
capacitive properties, due to the contribution of the charges to the
properties. This was because of the ionic mobility, hydration radius, and
conductivity of the electrolyte on charge/ion exchange and diffusion
[72]. It also showed that a smaller H" dehydration radius sphere
allowed the cation charge to have the greatest conductivity, therefore,
initiating the fast transfer and high ion adsorption at the electrolyte/
electrode interface [70,73]. The SOF  anion also showed a larger hy-
dration radius sphere than the OH ", leading to the reduction of the ions
having the ability to form an electric double-layer [74]. This plausible
explanation indicated that the Hs504 electrolyte had the highest
capacitive properties of PCBLs, accompanied by NaOH and Na,50,.

The energy and power densities of PCBL-3, PCBL-5, and PCBL-7 were
also evaluated in agqueous electrolytes (NaOH and H,50,), through the
Ragone plots illustrated in Fig. 8g and h. In NaOH electrolyte, the energy
densities obtained from the electrodes PCBL-3, PCBL-5, and PCBL-7
were 8.29, 21.85, and 15.37 Wh kg_l at power densities of 139.19,
162.78, and 146.72 W kg_l, respectively. Furthermore, the NasSO4
electrolyte displayed energy densitiesof 11.78, 16.12, and 8.01 Wh kg "
for PCBL-3, PCBL-5, and PCBL-7 at power densities of 163.47, 178.44
and 124.34 W kg, respectively. This result was relatively lower than
that of the H,50, electrolyte (Fig. 7h). However, the specific capaci-
tance and energy density generated in this study was competitive with
other studies, especially in the novelty provision, such as efficiency of
the electrode material designed as solid consolidated carbon coin
binder-free which optimized low intemal resistance and high conduc-
tivity, two-electrode configuration system analysis, self-oxygen doped,
and 3D pore hierarchical properties combination [24,75]. These were
based on the Averrhoa bilimbi leaves biomass waste, as shown in Table 4.

4. Conclusion

Herein, a biomass-related hierarchical porous carbon with self-
oxygen doped was obtained from Averrhoa bilimbi leaves through a
facile, simple, cheap, and sustainable approach, using a one-way KOH
impregnation at high-temperature pyrolysis. In this analysis, the pre-
cursor was converted into a binder-free electrode design, using com-
bined methods of precarbonization, chemical impregnation,
carbonization, and physical activation. This indicated that PCBLs ma-
terial exhibited high porosity with specific surface area and abundant
micropores of 1000 m® g~! and 78.66%, as well as adjustable meso-
pores, respectively. The porosity and oxygen functional group were also
controlled by the KOH-impregnated solution, where PCBL-5 material
performed high micropores with doped self-oxygen of 14.71%. This
indicated their high electrochemical performances in different aqueous
electrolytes. For symmetric supercapacitor, PCBL-5 electrode had high
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Table 4
Electrochemical of porous carbon biomass-based for supercapacitor electrodes.
Sources Electrolyte Electrode Cy (F E P(W Ref
type g Wh kg
kg ")
Jujube fruits KOH Two- 145.6 227 368 [19]
ﬁ{ electrode
Jujube fruits 1M Two- 54.7 23.7 629 [19]
Et4NBF4/ electrode
AN
Watermelon 1 M Hs50,4 Two- 226 25.4 180 20]
electrode
Watermelon 6 MEKOH Two- 171 19.1 180 20]
electrode
Averrhoa 1M Two- 149 10.50 116.35 [27]
hilimbi leaf May S0, electrode
Feather 6 MEKOH Two- 120 18.75 370 75]
finger grass electrode
flower
PCBL-5 1 M Hs50,4 Two- 293 26.54 178.44 This
electrode work

specific capacitances of 293, 197, and 178 Fg_l in aqueous 1 M H2504,
NaOH, and NasS0s, respectively. It also exhibited a columbic efficiency
of 70.53% at a current density of 1.0 A g . Therefore, a new approach
was developed to obtain hierarchically-interconnected porous carbon
material with enriched self-oxygen doped, for a high-quality super-
capacitor electrode.
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