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This study aimed to prepare activated carbon obtained from biomass waste of lamtoro fruit peel,
Leucaena leucocephala (Lam.) (LAC), and analyze its physical as well as electrochemical properties. The
preparation process used a simple, uncomplicated, and cost-effective technique that does not require
additional adhesive to increase the use value of biomass waste. Furthermore, impregnation with low
ZnCl2 concentrations at 0.1, 0.3, and 0.5 M was performed to maximize the potential of LAC to produce
the best conditions from the electrode with the highest specific capacitance. The results showed that the
LAC-0.3 sample had the best physical and electrochemical properties with the carbon content reaching
93.05 % and the availability of 6.89 % oxygen heteroatom doping. Besides, the large number of irregular
porous lumps in the sample can increase the electrochemical performance of the carbon electrode from
74F/g to 176F/g, with an optimum energy density of 26.81 Wh kg�1 and a power density of 96.6 W kg�1

obtained using the GCD method. Electrochemical testing for LAC samples was carried out at a low poten-
tial of 0–1 V with a scan rate of 1 mV s�1 and an aqueous electrolyte of 1 M H2SO4. These findings showed
the extraordinary potential of lamtoro fruit peel waste as a basic material for making activated carbon
electrodes for supercapacitor with competitive capacitance.
� 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (https://creativecommons.org/licenses/by-nc-nd/4.0) Selection and peer-review under responsi-
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1. Introduction

The imbalance between energy development and human needs
has continued to raise the demand for constant improvements in
energy storage devices and their conversion [1–3]. Energy
resources such as sun, ocean waves, wind, and geothermal have
been selected as alternatives, along with the depletion of fossil fuel
energy availability [4]. These alternatives need high-capacity stor-
age devices due to limited availability, such as solar energy run-
ning out at night as well as less wind when the weather is calm.
Rechargeable high-energy storage devices, such as batteries and
supercapacitor, have great potential in realizing efficient energy
availability through electrochemical processes [5]. Although bat-
teries have superior energy compared to supercapacitor, they are
only suitable for single use, expensive to produce, and have a rela-
tively short life cycle [6]. Supercapacitor is advanced energy stor-
age devices with large specific capacitance, high power density,
long cycle life, and environmentally friendly [7,8]. It can also be
applied in various fields such as network stations, portable elec-
tronics, and transportation [9,10]. In general, a supercapacitor con-
sists of two electrodes, a current collector, a charge/electrolyte
source, and a separator [11,12]. Currently, increasing the energy
density of supercapacitor while also maintaining its long life cycle
and high power density is a great challenge [13,14]. The electrode
component is a key factor in improving electrochemical perfor-
mance [15]. Activated carbon, metal oxides, conductive polymers,
or sulfide nanocomposites can be used as the base material for
making electrodes in supercapacitor components [16]. Biomass-
based activated carbon has the potential to improve the perfor-
mance of commercial electrodes by continuously optimizing their
conversion by adjustable pore structure. It also ensures a high sur-
face area, availability of natural micropores, and is environmen-
tally friendly [17]. Biomass carbon can be obtained from the
remains of living things and processed through a series of heating
to high temperatures [18]. Usually, the processing of biomass into
c-nd/4.0)
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porous activated carbon is carried out by various methods such as
hard/soft templating, hydrothermal, aerosol-assisted, and modified
stöber [19]. Although these methods can produce porous carbon
with a stronger and uniform pore structure, the workings and pro-
cessing are complicated [20]. This study aims to process biomass
waste into activated carbon with a simple, safe non-template tech-
nique, without harmful adhesives using simple fabrication tools
[21].

Plant biomass waste was used as the base material for making
porous carbon electrodes due to its abundant availability, high car-
bon content, rich natural micropores, and environmental friendli-
ness [22–26]. Previous studies used green stem of cassava [26],
corn silk [4], soybean stalks [27], and corn straw [28] as the basic
ingredients for making porous activated carbon. In this study, the
peel of the lamtoro fruit/petai china/Leucaena leucocephala
(Lam.) was selected to manufacture an electrode material for
supercapacitor cell components. The lamtoro plant is a type of
small legume that can live in dry areas with poor soil conditions
because it has a high nitrogen fixation ability. This plant can also
act as a parasite because it contains the toxic chemical mimosine,
as well as high carbon content with chemical compounds such as
hemicellulose, cellulose, and lignin [29]. Usually, the leaves and
twigs are used as a source of animal feed and firewood [29,30].
Based on this content, lamtoro fruit peel is expected to sufficiently
produce porous activated carbon with a high purity level which
can improve the performance of electrodes applied to supercapac-
itor. In addition, the fruit rind has not been studied as a base mate-
rial for electrodes. The high carbon content produced was obtained
through a combination method of chemical activation (ZnCl2) and
one-step integrated pyrolysis carbonization (N2) with physical
activation (CO2). Varying concentrations of the chemical activator
ZnCl2, namely 0.1, 0.3, and 0.5 M, were used under the influence
of 1 M H2SO4 aqueous electrolyte. This difference is expected to
affect the performance of supercapacitor, while the overall process
will reduce environmental pollution and increase the value of lam-
toro fruit peel.
2. Materials and methods

The processing of biomass waste from lamtoro fruit peel into
porous activated carbon for the basic material of electrode compo-
nents in supercapacitor cells was carried out in several stages. This
study was conducted based on the scope of synthesizing carbon
Fig. 1. Schematic of prepared activated carbon electrodes using l
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nanotechnology materials. The detailed process of making acti-
vated carbon LAC is shown in Fig. 1.

The chemical zinc chloride (ZnCl2) with different concentrations
of 0.1, 0.3, and 0.5 M was used as a chemical activator to optimize
the electrochemical performance of supercapacitor, while an elec-
trolyte solution of sulfuric acid (H2SO4) 1 M was utilized as a
source of charged ions during the electrochemical process. More-
over, aquades and pH indicators were used as neutralizing agents
and for measuring the acidity of carbon materials. The important
tools used include oven, ball milling grinder, 60 lm sieve, hot plate
set, hydraulic press, and furnace. Based on Fig. 1, the process of
making activated carbon for supercapacitor cell electrodes began
with collecting the basic ingredients of lamtoro fruit peel waste
from community plantations in the Rengat area, Indragiri Hulu
Regency, Riau. A total of 3 kg samples were cut to a size of 3–
5 cm to facilitate the drying process, then drying was carried out
in the sun for 3 days, followed by using an oven at 110 �C for
48 h to reduce the moisture content. Drying was carried out until
the sample mass loss was below 6 %, while pre-carbonization
was conducted at a temperature range of 50–250 �C for 2.5 h using
a vacuum oven by preparing a sample of 30 g, which was then put
into a stainless-steel tube. The initial temperature of the oven was
set at 50 �C, and increased by 50 �C to 250 �C every 30 min, thereby
making the sample more brittle and turn the colour dark brown.
Furthermore, a mortar was used to mash the sample to a millime-
ter scale, and re-mashing was carried out using ball milling to pro-
duce micro-sized particles. The working principle of ball milling is
to utilize the collision between steel balls in a vacuum tube for
20 h. After a complete ball milling, it was sieved using a 60 lm
sieve with the aid of a brush to obtain samples with < 60 lm car-
bon particles followed by activation using the addition of 0.1 M,
0.3 M and 0.5 M ZnCl2 chemicals to observe the effect of the acti-
vator on the electrode capacity. The chemical activation process
was carried out at a constant temperature of 80 �C with a stirring
speed of 300 rpm to homogenize the sample. The samples were
printed using a press with a mass of up to 8 tons to compact the
carbon, while the pyrolysis process was performed in a one-step
integrated system. The carbonization was initiated at room tem-
perature up to 600 �C with N2 gas absorption, followed by physical
activation up to 800 �C under the influence of CO2 gas. Subse-
quently, the samples were neutralized using the immersion
method in 1 L of distilled water and dried again in an oven at a con-
stant temperature of 110 �C for 2 days. Samples of dry carbon coins
were polished to characterize their electrochemical properties.
amtoro fruit peel waste for supercapacitor cell components.
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The characterization was carried out by testing the physical and
electrochemical properties of the activated carbon electrode. Phys-
ical properties were characterized by analyzing the density of car-
bon coins before and after pyrolysis, X-ray diffraction (XRD),
electrode surface structure analysis (SEM) and constituent content
analysis (EDS). Meanwhile, the electrochemical characterization
was reviewed through two methods, namely cyclic voltammetry
(CV) and galvanostatic charge–discharge (GCD). The test was car-
ried out at a low potential window of 0 to 1 V, under the influence
of an aqueous electrolyte of 1 M H2SO4 for each sample with differ-
ent concentrations of activator (ZnCl2) at 0.1, 0.3 and 0.5 M.
3. Results and discussions

LAC electrode density for all variations decreased significantly,
and based on Fig. 2, the three variations that were affected by dif-
ferences in the concentration of the chemical activator ZnCl2 with
sample codes LAC-0.1, LAC-0.3, and LAC-0.5 experienced signifi-
cant shrinkage after passing through a single-stage integrated
pyrolysis process. This result is in accordance with the density
reduction data obtained in previous studies focused on making
activated carbon using different biomass such as tofu dregs [31],
and Averrhoa bilimbi leaves [32]. This shrinkage is presumably
caused by several factors such as different concentrations of chem-
ical activator ZnCl2, carbonization, and physical activation [33].
Furthermore, the carbonization process can remove volatile ele-
ments that act as impurities in the carbon sample through evapo-
ration, culminating in a porous structure [34]. The physical
activation process at a temperature of 600 �C to 800 �C can remove
impurities that cover the pores and improve the structure [35]. The
addition of chemical activator ZnCl2 with a low concentration of
0.1 M did not maximize the evaporation of elements other than
carbon contained in the sample.

As shown in Table 1, sample LAC-0.1 experienced a density
reduction of 16.5 % from its initial state, indicating that it does
not have good porosity with low carbon purity, and cannot be used
to optimize the performance of the electrode during the electro-
chemical working process. The addition of 0.3 M ZnCl2 chemical
activator concentration in the LAC-0.3 sample caused a reduction
in the density of lamtoro fruit peel carbon by 31.2 %. At this con-
centration, maximum evaporation of elements other than carbon
occurred, culminating in the production of porous carbon with
good porosity, which can improve the performance of the electrode
by providing rich active sites between the electrode and the elec-
trolyte during electrochemical work. This condition can also opti-
mize the absorption capacity to produce a higher specific surface
area of activated carbon. Evaporation of elements other than car-
bon such as moisture, water, gas, and other volatile substances will
facilitate the production of different pore structures in activated
Fig. 2. Density shrinkage of samples LAC-0.1, LAC-0.3, and LAC-0.5 before and after
pyrolysis.
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carbon samples [34]. The formation of this pore structure is
expected to increase the absorption of ions by the electrode. Mean-
while, the addition of ZnCl2 activator concentration up to 0.5 M in
the sample caused the evaporation of carbon elements. Excessive
evaporation of the LAC-0.5 sample can increase the pore size of
the carbon and density due to the addition of ZnCl2 activator con-
centration. Based on Table 1, the percentage decrease in density
reached 20.6 % from the initial state. Therefore, the performance
of the electrodes produced from the LAC-0.5 sample is not optimal.

XRD analysis for variations LAC-0.3 and LAC-0.5 displayed two
diffraction peaks confirming the amorphous structure of the car-
bon samples in Fig. 3. The amorphous structure was confirmed at
two sloping peaks, located in the (002) and (100) lattice planes
respectively at 22–25 and 42-45� angles. The diffraction pattern
of the LAC-0.3 sample had a wider peak intensity than LAC-0.5.
This confirms the presence of an amorphous carbon structure with
irregular pores associated with a rich microporosity [36] as an
active site between the electrode and the charged electrolyte in
the carbon matrix during the electrochemical work. Further evalu-
ation results of the spacing between the microcrystalline layers
and dimensions of the samples LAC-0.3 and LAC-0.5 are presented
in Table 2. Meanwhile, these parameters were calculated based on
Bragg’s Law and the Debye-Scherer equation. The diffraction angles
002 and 100 which confirmed the amorphous structure of the sam-
ples experienced a slight shift due to the addition of the ZnCl2 acti-
vator. Significantly small values of d002 and d100 indicate normal
conditions for activated carbon samples based on nanoparticle
materials. The value of d002 indicates the structure of graphite
and d100 confirms the normal value for biomass-based carbon
[37]. Furthermore, the height of the Lc microcrystalline layer is
related to the microporosity structure of the carbon sample. The
smaller Lc value of the sample LAC-0.3 confirms the availability
of higher microporosity in increasing the surface area and porosity
of the carbon material. According to Kumar (1997), these results
are in accordance with the increase in the specific capacitance of
the LAC-0.7 sample because the smaller the microcrystalline layer
height, the larger the surface area with rich micropores. These data
support the improvement of the electrochemical performance of
the sample LAC-0.3 in the cyclic voltammetric test.

Further analysis regarding the content of activated carbon elec-
trodes obtained from lamtoro fruit peel waste prepared by giving
ZnCl2 activator with different concentrations of 0.3 M and 0.5 M
is detailed in Table 3. The LAC-0.3 sample demonstrated a higher
level of purity with a carbon percentage reaching 93.05 % and an
oxygen heteroatom doping of 6.89 %. The availability of self-
doping oxygen heteroatoms in the sample contributes to specific
capacitance by increasing the wettability of the carbon material
and presenting pseudocapacitance properties that can cause cur-
rent surges during the electrochemical performance process.
Meanwhile, the addition of the activator concentration in the
LAC-0.5 sample caused a decrease in the carbon content to
91.08 % and present crystalline impurities such as chlorine and cal-
cium in small amounts, namely < 1 %. The decrease in carbon con-
tent was due to the reaction of the ZnCl2 activating agent with the
carbon and the high activation temperature setting which caused
rapid gasification indicated by carbon evaporation. The addition
of ZnCl2 activator concentration can also lead to the presence of
excess chlorine from the pyrolysis process, and calcium from the
natural content of biomass. The EDS results are in accordance with
previous studies that used different biomass such as citronella leaf
waste [38] and wheat husk [39] with carbon percentages of 90.38 %
and 87.96 %, respectively.

As shown in Fig. 4 a-d, the SEM morphology of the activated
carbon obtained from lamtoro fruit peel biomass waste using
0.3 M and 0.5 M ZnCl2 activator demonstrated a structure in the
form of large irregular porous lumps. This appearance corresponds



Table 1
Percentage of density shrinkage before-after pyrolysis for each variation of LAC samples.

Sample qa(g cm�3) qb(g cm�3) q(%) Error measurement

LAC-0.1 0.84323 0.703742 16.5 0.019
LAC-0.3 0.906256 0.623209 31.2 0.022
LAC-0.5 0.846448 0.672093 20.6 0.009

Fig. 3. XRD pattern for samples LAC-0.3 and LAC-0.5.
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to the XRD pattern which shows the amorphous nature of the two
LAC samples. The structure is produced through one-step inte-
grated pyrolysis with carbonization of N2 gas and physical activa-
tion of CO2 gas up to a temperature of 800 �C which causes
gasification of volatile compounds in carbon samples [40]. Using
the IC Measure software, the pore size of the activated carbon
formed was in the range of meso and macro pore sizes. The LAC-
0.3 sample displayed morphology with a smaller lump size in
greater numbers than LAC-0.5 with a random arrangement. The
size of these pore particles ranged in the meso and macropores
scales because of the particle structure in the form of lumps. This
was confirmed in the LAC-0.3 sample with pores morphology in
the form of large aggregates with a size range of 42–1121 nm. In
addition, there are several pores such as nano-rod with a size of
53 nm and a pore distance between particles of 407 nm. As for
the LAC-0.5 sample, it had fewer lumps and a larger size range,
namely 202–1274 nm. This morphology makes LAC-0.3 superior
with its relatively close pore spacing, which provides a shorter
ion diffusion path in the electrochemical process. Consequently,
this sample can be used to improve and optimize the performance
of the supercapacitor with a higher specific capacitance than the
other two samples. The pore morphology appearance of biomass-
based activated carbon such as chunks was also found for the basic
ingredients of pandanus thorn [41] and yam stem [37] in previous
studies.

The electrochemical properties of activated carbon supercapac-
itor were measured using the Cyclic Voltammetry (CV) method to
determine the specific capacitance value of each variation of the
carbon electrode with the Physics CV UR Rad-ER 6481 tool. This
measurement produces an output in the form of a distorted rectan-
gular curve that characterizes a normal EDLC supercapacitor for
biomass materials [42]. In this test, the carbon electrode of the
lamtoro fruit peel was tested with aqueous electrolyte of 1 M
Table 2
Interlayer spacing and microcrystalline dimensions of samples LAC-0.3 and LAC-0.5.

Samples 2h002
(�)

2h100
(�)

d00

(Å)

LAC-0.3 24.992 42.622 3.5
LAC-0.5 25.799 44.835 3.4

4

H2SO4. The CV curve for activated carbon with ZnCl2 concentra-
tions of 0.1, 0.3 and 0.5 M is shown in Fig. 5a. These results indi-
cated that the best electrode performance was produced by LAC-
0.3 which had the widest CV curve and the highest specific capac-
itance value. This is because the addition of 0.3 M ZnCl2 activator
concentration in the carbon sample produced optimum conditions
that can improve the performance of the supercapacitor electrode.
Moreover, this condition is supported by the density and XRDmea-
surement data of the sample which had the largest mass shrinkage
and a small high value of the microcrystalline layer. This ensures
the availability of rich micropores in the LAC-0.3 sample by provid-
ing an active site between the electrode and the electrolyte suit-
able for increasing the energy stored at the electrode.

Fig. 5b shows the relationship between specific capacitance and
scan rates of 1, 2, 5 and 10 mV s�1 at a potential of 0 to 1 V. These
results showed a wider CV curve for each sample variation at a test
rate of 1 mV/s, indicating that the low scanning rate of 1 mV s�1 is
the optimum ion speed to completely fill the electrode pores. The
success of ion diffusion to fill the carbon pores causes an increase
in the performance and ability of the lamtoro fruit peel carbon
electrode by storing the highest electrochemical energy [43]. Fur-
thermore, the graph shows the quantitative value of the specific
capacitance of the carbon electrode with 0.1, 0.3, and 0.5 M ZnCl2
activator under the influence of 1 M H2SO4 electrolyte. The specific
capacitance values obtained can be compared with the results of
previous studies that used different biomass with the same activa-
tor, as shown in Table 4.

The analysis of electrochemical properties was strengthened by
measuring the Galvanostatic Charge Discharge (GCD) method
using the CD UR Red-ER 2018 device with a constant current of 1
A. The electrochemical properties were evaluated in a two-
electrode system under the influence of the same aqueous elec-
trolyte, namely 1 M H2SO4. The results showed the relationship
between voltage and time during the charging and discharging
process, with the shape of the curve in the form of a distorted
isosceles triangle, as shown in Fig. 6. This implies that the charge
time has a big role in confirming the optimization of the specific
capacitance value. GCDmeasurements were carried out in a poten-
tial voltage range of 0 V to 1 V with a constant current of 1 mA and
a scan rate of 1 mV/s. The difference in time during the charge–dis-
charge process is a factor that can affect the symmetry of the mea-
surement curve [50]. LAC-0.3 had a longer measurement time than
LAC-0.1 and LAC-0.5 as demonstrated by a larger isosceles triangle
curve, indicating excellent electrochemical properties. The follow-
ing table and values of specific capacitance, as well as energy and
power densities are presented for each concentration variation of
the lamtoro fruit peel electrode.

Based on Table 5, the highest specific capacitance and optimum
conditions were found in the LAC-0.3 sample. This is because there
2 d100

(Å)
Lc
(Å)

La
(Å)

6 2.119 15.375 18.760
5 2.019 10.869 26.822



Table 3
Status of elements on the surface of samples LAC-0.3 and LAC-0.5.

Samples Chemical contain in activated carbon of lamtoro fruit peel (%)

Carbon Oxygen Magnesium Clor Calcium

LAC-0.3 93.05 6.89 0.06 0.00 0.00
LAC-0.5 91.08 6.18 0.55 0.34 1.86

Fig. 4. Morphological structure display for samples LAC-0.3 and LAC-0.5.

Fig. 5. A. cv curve of lac porous carbon for all concentration variations in 1 M H2SO4 at a scan rate of 1 mVs-1b. Specific capacitance at scanning speed 1–10 mV s�1.
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is sufficient time for the ions to diffuse to fill the electrode pores
during measurement and increase the specific capacitance value.
Discharging time significantly influences the performance of
supercapacitor electrodes [51]. A significant decrease during the
discharge process is caused by the smaller pore radius, which
interferes with the electrolyte ion transport process. Therefore, it
5

takes time for the electrolyte ions to reach the surface of the acti-
vated carbon electrode. The GCD test results are in accordance with
the CV test where the LAC-0.3 sample also produced a higher
capacitance value than LAC-0.1 and LAC-0.5. This is also supported
by data on density shrinkage, XRD, and testing of electrochemical
properties using the CV method.



Table 4
Comparison of specific capacitance values of different biomass.

Biomass Activator Csp (F/g) Ref

Banana leaf KOH 245 [44]
Soybean stalk KOH 325 [27]
Tofu dregs ZnCl2 148 [31]
Chitin ZnCl2 277.4 [45]
Tobacco stalks ZnCl2 342 [46]
Oleana leaves KOH 188 [47]
Banana stem waste KOH 104.2 [48]
Bamboo stem KOH 168.8 [49]
Lamtoro fruit skin ZnCl2 176 Research Now

Fig. 6. GCD Graph of lamtoro fruit peel carbon electrodes for all variations of ZnCl2
activator concentrations.

Table 5
Specific capacitance, energy, and power values of lamtoro fruit peel carbon electrodes
based on the GCD Test.

Samples Csp (Fg�1) E (Wh kg�1) P (W kg�1) Average error
measurement (%)

LAC-0.1 81 11.25 40.54 4.6
LAC-0.3 193 26.81 96.6 3.8
LAC-0.5 157 21.81 78.58 7.2
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4. Conclusions

The biomass waste of lamtoro fruit peel was successfully pro-
cessed into porous activated carbon for supercapacitor electrodes.
The processing is not complicated and is cost-effective because it
does not require additional adhesive to increase the use value of
biomass waste. Furthermore, variations in the concentration of
the ZnCl2 activator at 0.1, 0.3, and 0.5 M were used to obtain the
best condition of the electrode with the highest specific capaci-
tance. The chemical activation of ZnCl2 in single-stage integrated
pyrolysis was confirmed to increase the electrical charge storage
capacity. Electrochemical properties were tested on a symmetrical
two-electrode system with 1 M H2SO4 electrolyte at a voltage of 0–
1 V and various scanning rates of 1, 2, 5 and 10 mV s�1. The differ-
ence in the activator concentration used increased the electro-
chemical ability from 74F/g to 176F/g for the best electrode
namely LAC-0.3. Further calculations of the improved electrochem-
ical performance confirmed energy and power densities of 26.81
Wh kg�1 and 96.6 W kg�1, respectively. These results supported
the high potential of lamtoro fruit peel-based carbon electrodes
to improve the energy storage performance of electrochemical
supercapacitor.
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