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A B S T R A C T   

Biomass-based activated carbon with features combinations of 2D nano-structure, 3D hierarchical porous, and 
self− /co-doping active heteroatoms have proven excellent performance as sustainable electrodes for high-energy 
supercapacitors. Therefore, this study aims to obtain activated carbon with 2D nanosheet, 3D hierarchical pores, 
and self‑oxygen doped from the typical aromatic biomass of Indonesian laurel aromatic evergreen (ILAE), Laurus 
nobilis. It was carried out using a fast and toxic residue-free strategy as an active material for symmetrical 
supercapacitors. The optimization of the activated carbon structure was controlled through the activating agent 
ratio in high-temperature pyrolysis. It was discovered that the prepared ILAE carbon material has a 2D gauze-like 
nanosheet structure with a hierarchical pore network that enables fast and efficient accessibility. Furthermore, 
the porosity of the optimal ILAE-activated carbon possessed enriched micropores of 88 % and confirmed mes
opores of 12 % with a high carbon content of 95.07 % and 4.49 % functional oxygen as self-doping heteroatom. 
In two-electrode configuration systems, the ILAE nanosheet-activated carbon-based supercapacitor exhibits 
excellent electrochemical performance with a high specific capacitance of 205 F g− 1 at 1 A g− 1 in a 1 M H2SO4 
electrolyte. Furthermore, their capability rate was maintained at 81.16 % in 10 A g− 1 with an optimum 
coulombic efficiency of 81.66 %. Moreover, the symmetrical supercapacitor device in aqueous electrolyte per
formed excellent energy output behaviors as high as 21.56 Wh kg− 1 with maximum power output of 1.101 kW 
kg− 1, respectively. This indicated that the novel ILAE biomass proves high potential as a source of activated 
carbon enrich-nanosheet with 3D hierarchical pores prepared with the up-to-date approach to enhance the 
performance of electrochemical energy storage devices.   

1. Introduction 

The exploitation of coal, oil, and natural gas as conventional energy 
sources for decades has caused serious problems on the planet, espe
cially environmental issues, global warming, climate change, and air- 
water-soil pollution [1,2]. Other factors such as illegal logging, the 
reduction of the “world's lungs”, the narrowing of reforestation land, 
industrial residues, electronic and chemical wastes also contribute to the 
environmental issues for human survival [3,4]. This makes it necessary 
to search for renewable energy sources, with efficient conversion sys
tems, and effective storage devices to achieve promising solutions for 
environmental sustainability [5,6]. Although the use of multi- 
generation solar cell technology, windmills, and water dam have 

potential for clean energy sources and sustainable green energy con
version systems, periodic availability still hinders their continuous 
application [7–9]. Energy storage devices are expected to come with 
their best performance to support the renewable energy conversion 
system [10,11]. Currently, the battery is one of the most widely 
consumed commercial energy storage devices that can store electrical 
energy through typical chemical reactions [12]. However, the battery 
failed to harvest the energy generated from renewable energy sources 
due to unexpected power fluctuations. The use of batteries for larger 
electrical equipment can also reduce power density, thereby hindering 
their application at more complex scales. Previous investigations have 
established that supercapacitors are the best candidates for electro
chemical energy storage devices [13]. This is because of their 
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extraordinary power density, which is larger than batteries, near-infinite 
cycle life, high conductivity, good stability, and the process of charging/ 
discharging is repeatable, fast, and safe [14,15]. This makes super
capacitors applicable to a wide range of applications from simple cir
cuits to complex sweetened electrical equipment such as LED circuits, 
electric motors, crane systems, pulse laser components, and telecom
munications [16,17]. Moreover, relatively low specific energies of 
supercapacitors also need to be increased without reducing the high 
power density. 

Generally, an active material is required to obtain high electro
chemical performance in supercapacitor devices. Based on previous re
ports [18–20], the electrode active material consists of metal oxides/ 
transitions, conduction polymers, and carbon. Referring to the pseudo
capacitor type, the electrode materials derived from transition metal 
oxides have several advantages [21]. These include high energy density 
achieving the performance of traditional batteries and faradaic redox 
reaction which combines the properties of pseudocapacitance and 
electrochemical double layer capacitor (EDLC). The conductive poly
meric material also confirms the good mechanical properties of potential 
flexible devices [20,22]. This outstanding performance has led to high- 
level applications of supercapacitors in military and aerospace tech
nology. However, the commercialization of the electrode base material 
depends on the electrochemical performance and the consideration of 
source availability, cost, and environmental protection. Metal oxide 
resources are considered scarce, expensive, and allow potential envi
ronmental pollution on large exploitation, making it difficult to achieve 
large-scale applications. Meanwhile, the conducting polymeric mate
rials of chemically engineered fossil products for pseudocapacitors are 
limited by poor stability and lower conductivity during redox reactions 
followed by toxic residues. The formation of electric double-layer ca
pacitors in the supercapacitors also reduces conductive properties. 

Currently, activated carbons have been widely used in commercial 
capacitors due to their low cost, good chemical stability, infinite cycle 
life, and extraordinarily stable EDLC properties. Biomass-based acti
vated carbon with abundant renewable energy sources and low cost has 
also gained much attention. According to a previous report, waste 
biomass was proposed as a porous carbon precursor for electrodes in 
supercapacitors with enhanced performance. It was also discovered that 
various strategies and the extraction of the potential of biomass carbon 
lead to high electrical conductivity, unique 2D–3D morphologies such 
as nanosheets, nanofibers, 3D hierarchical pores, and the addition of 
active hetero-atoms such as N, O, and S representing its exceptional 
storage. The precursor biomass was reported to have tremendous po
tential as a porous carbon source with various material features favor
able for enhanced supercapacitor performance such as oak nutshell 
[23], eucalyptus-bark [24], alfalfa flowers [25], cornstalk pith [26], 
Typha orientalis leaves [27], watermelon peel [28], and native European 
deciduous trees [29]. 

Recently, porous carbon with its unique combination of 2D nano- 
coupled behavior, 3D hierarchical pores, and the addition of active 
hetero-atom doping has shown significant potential to increase the en
ergy density of supercapacitors [30–32]. It was discovered that 2D 
nanostructures such as nanofiber-nanosheets allow active materials to 
have unique electric charge transport features endowed by nanoscale 
thickness, infinite length, and well-defined 2D layered structures [33]. 
This behavior is closely related to the ability to maintain high EDLC 
power in complex electronic device applications. Furthermore, 3D hi
erarchical pore morphology plays an important role in providing highly 
active sites and relatively barrier-free ion migration pathways in all 
directions. The well-defined pore control significantly controls the 
synchrony of the energy boost without reducing the power density of the 
device [34]. The addition of self/co-doping active heteroatoms allows 
the EDLC device to have a high wettability feature leading to a pseudo- 
capacitance effect on the electrode material [35]. 

According to Yang et al. 2020, natural rattan (Plectocomia himalayan 
Griff.) was converted as porous carbon by a combination of nanosheet 

morphology and rich miro-mesopores with a specific surface area of 
2436 m2 g− 1 [36]. The results showed that the activated carbon shows a 
capacitive performance of 221 F g− 1 at 0.5 A g− 1. A similar combination 
of carbon nanosheets and 3D hierarchical pores was studied by Selvaraj 
et al. (2021) from the Prosopis juliflora wood resource [31]. The 
outstanding electrochemical performance of the supercapacitor was 
demonstrated at a specific capacitance of 588 F g− 1, which match the 
transition metal oxide active materials and conducting polymers with an 
energy density of 32.9 Wh kg− 1, corresponding to the performance of 
commercial batteries. Recent studies with similar high-performance 
porous nanosheet-hierarchical features were also obtained from pecan 
shell precursors [37] and lemongrass [38]. The combination of 3D hi
erarchical pores and co-doping rich in N, O, P of peach gum-based 
carbon also increased the energy density significantly by 76.87 Wh 
kg− 1 with excellent cycle, ultrahigh specific capacitance, and good sta
bility [39]. However, the outstanding features of the combination 
coupled with the enhanced electrochemical performance produced still 
have some disadvantages, especially the approaches and strategies that 
have been used. Most of the above studies selected the template method, 
el-spin, a typical metal oxide mixture that has a high complexity, time- 
consuming procedure, and non-safety which tends to produce a brittle, 
corrosive, as well as toxic morphological framework. The features of the 
complex combination are very difficult to find in biomass precursors. 

The biomass of Laurus nobilis, popularly known as Laurel Aromatic 
Evergreen (ILAE) or bay leaf, is one of popular herbs that have a 
distinctive aroma. The plant is usually used as a flavoring powder and is 
classified as a flavoring spice in food. It is found in mountainous areas of 
the Mediterranean, southern Turkey, northern Syria, southern Spain, 
north-central Portugal, northern Morocco, and the Canary Islands. 
Moreover, the plant is growing quite rapidly in Indonesia because of the 
consumption of seasonings that add a delicious aroma to food. The 
characteristic volatile that evokes certain aromas is also assumed to have 
extraordinary potential in their morphological structure of carbon. In 
detail, the volatile compounds contained in Laurus nobilis leaves are 
dominated by 1,8-cineole, followed by sabinene, α -terpinyl acetate, 
linalool, eugenol, methyl eugenol, and α-pinene [40]. Furthermore, 
their organic-nonorganic components are composed of cellulose, hemi
cellulose, and lignin which are enriched by K, Ca, and Mg [41,42]. 
However, there is no information on its leaf waste as a carbon source for 
electrochemical energy storage applications. 

This study reports a safe, cost-effective, and rapid strategy to obtain 
porous carbon with a 3D hierarchical structure and nanosheets based on 
the typical aromatic biomass of Laurus nobilis for supercapacitor appli
cations. Typical aromatic biomass precursors are converted to porous 
carbon through chemical-physical activation. The optimization of the 
morphological structure was controlled through the ratio of activating 
agents at 1:0.3, 1:0.5, and 1:0.7. Subsequently, the degradation of im
purity compounds was carried out through integrated one-stage pyrol
ysis in an N2 and CO2 gas environment. The porous carbon displays a 
unique combination of 2D nanosheet structures, 3D hierarchical pores, 
and oxygen self-doping active heteroatoms that enhance the high per
formance of the electrode material. Using symmetric supercapacitor 
cells, the best electrode produces a specific capacitance of 205 F g− 1 at 1 
mVs− 1 with a capability rate of 81.16 % at 10 mVs− 1. These results 
indicate that the 2D nanosheet structure associated with rich micropores 
and hierarchically linked 3D mesopores significantly contributes to the 
improvement of the ultra-fast and excellent ion adsorption/desorption 
capability at the 0.5-ILAE-SPC symmetrical electrode. 

2. Materials and methods 

2.1. Preparation of Laurus nobilis leaves precursor powder 

Laurus nobilis leaves, Indonesian Laurel Aromatic Evergreen (ILAE) 
were obtained from a spice plantation in Duri city, Riau province. The 
parts of the Laurus nobilis plant are focused on their dried leaf waste 
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which is not used for any purpose. The leaves' precursors were separated 
from the branches, washed using distilled water, and dried in the sun
light for 12 h. Subsequently, the precursor was crushed, cut into small 
pieces the size of about 2 × 1 cm, and dried using an oven at 110 ◦C for 
48 h. The dried samples were pre‑carbonized at a low temperature of 
250 ◦C under a vacuum system. The leaves are finely ground using a 
mortar to obtain powders precursor and continued with ball miller to 
possess smaller particle sizes. The homogenated particle size was per
formed by sifting the precursor with a 250 mesh sieve, where a total of 
120 g was collected in particle sizes <60 μm. 

2.2. Preparation of porous carbon from Laurus nobilis leaves 

The homogenated Laurus nobilis leaves powder was chemically 
activated by mixing the precursor with the ZnCl2 activating agent at 
different solution concentrations. The mass ratio of precursor powder/ 
ZnCl2 is 1:0.3, 1:0.5, and 1:0.7. Meanwhile, the concentration ratio of 
the ZnCl2 solution applied is relatively different from most previous 
reports. This is because the experiment was carried out to maintain the 
self-adhesiveness of the precursors and obtain carbons that can design 
bond-free solid electrodes for their absolute conductivity, as stated in 
the proposed novelty. The mixture of precursor powder and zinc chlo
ride solution was performed on a hotplate stirrer at 300 rpm at 80 ◦C, 
completely dried in an oven at 110 ◦C, and pounded with a mortar. 
Subsequently, the chemically impregnated powder obtained was con
verted into solids coin-like by pressing on a hydraulic press with ±8 
metric tons. The samples were solid coins with dimensions of 20 mm 
diameter, 25 mm height, and 70 mg mass. This was followed by the 
preparation of 20 solid precursors for high-temperature pyrolysis in a 
furnace tube. The pyrolysis process was performed in two integrated 
stages, namely carbonization and physical activation at a temperature 
ranging from 28 ◦C to 850 ◦C in a stream of N2 and CO2 gases. Heating 
from 28 ◦C to 600 ◦C was also carried out by flowing N2 gas at a heating 
rate of 3 ◦C/min (carbonization). The gas flow was switched with CO2 to 
a maximum temperature of 850 ◦C at a heating rate of 10 ◦C/min and 
cooled at a travel time of 12 h. Finally, the solid-activated carbons ob
tained were washed using distilled water until neutral pH is obtained. 
The ILAE-based solid porous carbon (SPC) was labeled as x-ILAE-SPC, 

where x with values of 0.3, 0.5, and 0.7 represented the mass ratio of 
precursor powder/ZnCl2. 

2.3. Supercapacitor cell preparation 

The supercapacitor cell is designed to resemble a solid coin stack 
consisting of solid carbon electrodes, current collectors, a separator, an 
electrolyte, and a body cell. The solid activated carbon based on Laurus 
nobilis was prepared in 9 mm diameter, 0.2 mm thick, and 10 mg active 
mass as the working electrode. The current collector from stainless steel 
was made to adjust the electrode surface. The separator was selected 
from an organic material based on a duck eggshell membrane and a 1 M 
H2SO4 solution was determined as the aqueous electrolyte. The cell 
bodies are designed to be rectangular in dimensions of 2x3cm, which are 
perforated with a diameter of 9 mm in the middle. These components are 
arranged to obtain the supercapacitor cell sandwich layer. 

2.4. Material characterization 

The carbon density was evaluated by shrinking the dimensions of the 
solid coin during the heating process. The dimensions of diameter, 
thickness, and mass were calculated before and after pyrolysis to esti
mate the density changes during the heating process using a formula in 
line with a standard equation that has been previously reported [43]. X- 
ray diffraction (XRD) in the XRD XPERT PRO PANalitycal PW3040/60 
instruments was used to examine the phase change properties and 
crystal structure with Cu Kα radiation sources. The 2θ diffraction angle 
was selected from 10◦ to 100◦ at a scan step of 0.002◦. The parameters of 
interlayer spacing and microcrystalline dimensions were calculated 
using Braggs law and the Debye-Scheerer equation [44,45]. Scanning 
electron microscopy (SEM) on the JEOL-JSM6510 (LA) instrument was 
selected as a general method for capturing morphological images of 
porous carbon surfaces. The constituent elements of Laurus nobilis 
porous carbon were determined using the energy dispersive spectros
copy (EDS) approach in the ZAF Method Standardless Quantitative 
Analysis with an energy range of 0–20 keV. Porosity properties 
including specific surface area and pore size distribution were evaluated 
with the N2 gas adsorption/desorption isotherms technique in the 

Scheme 1. Preparation of porous carbon nanosheet derived Laurus nobilis (ILAE) biomass  
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Quantachrome TouchWin v1.22 instrument at 10.0 ◦C/min. The specific 
surface area was evaluated by the BET equation. Meanwhile, the specific 
micropore surface area was calculated using the T-Plot method, and the 
pore size distribution was confirmed by the BJH equation. 

2.5. Electrochemical measurement 

The electrochemical properties of the supercapacitor cells were 

evaluated in detail through the complete method of cyclic voltammetry 
(CV), galvanostatic charge-discharge (GCD), and electrochemical 
impedance spectroscopy (EIS) in a two-electrode system (symmetrical 
supercapacitor) at room temperature of 30 ◦C. The aqueous electrolyte 
was selected as the test electrolyte in 1 M H2SO4. The CV test was per
formed with the CV-RAD-ER 2810 instrument, with error ± 6.05 at 
different scan rates from 1 mVs− 1 to 10 mVs− 1 in a potential window of 
0-1 V. Subsequently, the specific capacitance was calculated based on a 
standard formula [46,47]: 

Csp =
2I

s × m  

where Csp (Fg− 1) is the specific capacitance, I (A) is current, s (mV s− 1) is 
the scanning rate, and m (gr) is the working mass. Furthermore, the GCD 
method was reviewed using the GCD-RAD-ER 2018 instrument (cali
brated error ± 6.05) in a voltage window of 0–1 V at a current density of 
1–10 A g− 1. Specific capacitance, energy density, and power density are 
determined by standard equations as expressed below [48,49]: 

Csp =
I × Δt

m × ΔV  

Esp =
Csp × ΔV2

7.2  

Psp =
3600 × Esp

Δt  

where Csp (F g− 1) is the specific capacitance, I (A) is the current, t (s) is 
the discharge time, m (gr) is the working mass V (V) is a potential 

Fig. 1. Reducing density dimension before and after heated treatment.  

Fig. 2. SEM images of a-c) 0.3-ILAE-SPC, d-f) 0.5-ILAE-SPC, and g-i) 0.7-ILAE-SPC In different zoom.  
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window, Esp (Wh kg− 1) is the current density, and Psp (W kg− 1) is the 
power density. The EIS was reviewed using a single-channel electro
chemical workstation instrument model CS350 in the frequency range 
from 100 mHz to 100 kHz. EIS measurement results are processed using 
CS6 studio software. The preparation of x-ILAE-SPC is shown in Scheme 
1. 

3. Result and discussions 

The multi-activation strategy of carbonization, chemical activation, 
and physical activation is considered effective, efficient, simple, and free 
of harmful by-products in obtaining high carbon fixed from biomass 
which incidentally has complex impurities [50]. Therefore, impurities 
such as organic compounds, volatiles, water content, and tar must be 
removed in the synthesis of biomass-based highly pure carbon [51]. 
These compounds are removed through the selected approach route 
without corrosive and toxic residue. They can also be assessed early 
through density changes before and after the treatment in ILAE-based 
solid carbon precursors as shown in Fig. 1. The x-ILAE-SPC density 
decreased significantly after the synthesis route was applied. Initially, 
the precursor densities were about 0.9414, 0.9301, and 0.9489 g cm− 3 

at a standard deviation of 0.02–0.05 for 0.3-ILAE-SPC, 0.5-ILAE-SPC, 
and 0.7-ILAE-SPC, respectively. The multi-activation strategy begins 
with the carbonization process from low temperatures which tends to 
focus on the evaporation of water and volatiles through steam and 
carbon dioxide [52]. At a temperature range of 250–450 ◦C, they cleave 
organic molecules from the hemicellulose and cellulose components 
[53]. The relatively low lignin component of the ILAE precursor de
grades at temperatures higher than 490 ◦C and the final product 
possessed a high fixed carbon with relatively low tar and ash [54]. 
Subsequently, the impregnation of ZnCl2 before the conversion of solid 
carbon began to react with elemental carbon at a temperature of 500 ◦C. 
First, ZnCl2 reacted with oxygen to form zinc oxychloride and etched the 
carbon chains, enabling the erosion of the skeleton which leaves carbon 
dioxide evaporated [55]. In general, their chemical reactions can be 
written as follows: 

ZnCl2 + 1/2O2→ZnOCl+ 1/2Cl2  

2ZnO+C→2Zn+CO2↑ 

The physical activation involving CO2 at a high temperature of 
850 ◦C significantly removed tar and ash in the precursors initiating the 
presence of void spaces in the biomass carbon precursors [56]. In simple 
terms, the interaction between CO2 and C is illustrated as follows: 

C+CO2→2CO 

The surface carbon complex can be decomposed and removed in the 
form of carbon monoxide CO, leaving a free surface carbon that allows 
the production of pores in the precursor. Finally, the combination of 
these processes significantly decreased the x-ILAE-SPC, which dropped 
to 0.7476, 0.6476, and 0.5693 g cm− 3 at standard deviations of 
0.03–0.05 for 0.3-ILAE-SPC, 0.5-ILAE-SPC, and 0.7-ILAE-SPC, respec
tively. The increase in the ratio of the chemical activating agent ZnCl2 
also reduced the density of the precursor from 19.38 % at 0.3-ILAE-SPC 
to 37.96 % at 0.7-ILAE-SPC. This is due to the relatively high accumu
lation of carbon chain etching at a higher ZnCl2 ratio, allowing the 
formation of various pore structures to initiate high void spaces. This 
analysis serves as an initial guideline for exploring the potential of ILAE 
as a source of high-porous carbon in sustainable electrode materials. 

ILAE is a unique green aromatic biomass precursor as a sustainable 
carbon source with significant morphological structures as a contribu
tion from their characteristic volatile content. In this study, a chemical 
impregnation step and a one-stage carbonization-physical activation 
strategy were proposed to prepare porous carbon nanosheets. The 
selected synthesis route is considered to maximize the exploitation of 
their unique morphological structure. A scanning electron microscopy 
(SEM) technique was prepared to assess a comprehensive understanding 
of the surface morphology of ILAE-biomass carbon. The SEM micro
graph of x-ILAE-SPC is shown in Fig. 2 with various magnifications of the 
selection area. The precursor with 1:0.3 ratios illustrated a smooth 
surface structure with block carbon in the range of 0.46 μm to 2.73 μm, 
as presented in Fig. 2a. This is attributed to the narrow pore growth 

Fig. 3. a) XRD pattern of x-ILAE-SPC, EDS spectra of b) 0.3-ILAE-SPC, c) 0.5-ILAE-SPC, and d) 0.7-ILAE-SPC.  
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potential and the high conductivity at 0.3-ILAE-SPC, which enables the 
provision of abundant ion adsorption sites at the supercapacitor elec
trode/electrolyte interface. When zoomed larger in Fig. 2b, 0.3-ILAE- 
SPC confirmed the fine/thin sheet morphology adhering to the carbon 
aggregate. The relatively low ratio of ZnCl2 in its reaction with C only a 
few macropores in the 200–650 nm range can also be detected at 0.3- 
ILAE-SPC. This is revealed in Fig. 2c, where the macropores structure 
is confirmed with thin sheets on their upper surface walls [57]. The 
macropores texture followed by a thin sheet is beneficial for improving 
electrochemical performance, because of the increase in massive mass 
transfer and large surface area for accumulating electrolyte ions [58,59]. 

By increasing the addition of the ZnCl2 ratio at 1:0.5, the ILAE- 
derived carbons were converted into 3D porous carbon nanosheets 
interconnected as local pore walls, as shown in Figs. 2d-2f. Based on 
combustion and the limited reaction of ZnCl2 and C followed by the 
decomposition of ZnOCl and further reaction of ZnO with C for activa
tion, the surface morphology of the precursor changed and became 
rough, which was rich in various pores, as presented in Fig. 2d. 
Furthermore, 0.5-ILAE-SPC showed a hierarchical pore of abundant 
macropores and mesopores as illustrated in Fig. 2e. From Fig. 2f, 0.5- 
ILAE-SPC confirmed 2D nanosheet structures with the sheet walls fil
led with pores forming a gauze-like sheet. The abundance of micro- 
mesopores on the nanosheet walls formed by ZnCl2 etching and hy
drolysis of lignin, cellulose, and volatiles during this combustion process 
provides abundant transfer routes and interconnected active sites [60]. 
The detailed micro, meso, and macropores textures of the carbon 
nanosheets were further investigated through the absorption of N2 gas as 
illustrated in Figs. 4–5. The combined morphological structure of hier
archical pores and a gauze-like sheet benefits the electrode material by 
reducing electron transfer resistance and accelerating the diffusion of 
the electrolyte to the inner surface of the carbon, potentially leading to 
improved electrochemical performance [31,61]. 

Over-etching with increasing ZnCl2 dose at 0.7-ILAE-SPC caused the 
collapse of the 3D hierarchical pores, followed by erosion of the thin 
sheets leading to loss of 2D nanotexture. The role of high-temperature 
pyrolysis processing in excessive ZnCl impregnation allows the 

reduction of the unique morphology of the ILAE precursor, as shown in 
Fig. 2g-i. Based on Fig. 2g, it was discovered that the morphology of 0.7- 
ILAE-SPC is dominated by large particle aggregates on a macro scale 
with a relatively flat surface. Moreover, a rod-like structure was dis
played at the selected magnification in Fig. 2h. A previous report stated 
that there is a possibility to erode the walls of lignin and cellulose 
intensely. The size of this unique morphological structure ranges from 
200 nm to 789 nm. 

X-ray diffraction (XRD) analysis was adopted to verify the presence 
of carbons and their structural changes followed by the active phase of 
ILAE-based solid carbon. As indicated in Fig. 3a, x-ILAE-SPC presents 
two broad diffraction peaks centered at 2θ = 22–24◦ and 43–44◦, 
indexed to the (002) and (100) carbon planes. This characteristic con
firms the disturbed semicrystalline structure initiating turbostratic car
bon with weak graphitization [62]. The diffraction peak in the carbon 
002 plane indicates the presence of low graphitization, while the 100 
plane with low intensity indicates abundant amorphism in the solid 
carbon ILAE precursor. Furthermore, low sharp peaks were also weakly 
confirmed in the XRD pattern, indicating the relatively low presence of 
inorganic crystalline compounds such as potassium, magnesium oxide, 
and zinc oxide compounds. This is in line with the EDS analysis that 
summarizes the status elements precursor in Table 1. The presence of 
these impurities is contributed by the basic constituents of ILAE and 
residues from the ZnCl2 reaction. Previous studies have also confirmed 
the presence of similar impurities in biomass-based carbon precursors 
such as porous carbon from banana leaf [63], bamboo [64], and pine
apple leaves [65]. Furthermore, the ratio increasing from 0.3-ILEA-SPC 
to 0.5-ILEA-SPC significantly showed a weak peak area change, which 
was associated with a carbon layer defect that weakened the crystal
linity level and increased abundant pore production. The etching of 
carbon through ZnCl2 at a ratio of 1:0.5 confirms the irregular structural 
features with high amorphous. This showed a large specific surface area 
and abundant pore routes that are important for enhancing the charge 
storage of the supercapacitor [66]. The presence of the impurity com
pounds was also significantly reduced, where zinc oxide was completely 
removed at a ratio of 1:0.5, confirming the effectiveness of the optimal 

Table 1 
XRD parameters and element analysis of x-ILAE-SPC.  

Carbon porous Interlayer spacing Microcrystalline dimensions Elemental status 

2θ002 (◦) 2θ 100 (◦) d002 (nm) d100 (nm) Lc (nm) La (nm) C (%) O (%) K (%) Mg (%) Zn (%) 

0.3-ILAE-SPC  22.641  44.816  0.3924  0.2020  0.8567  0.8313  93.63  5.23  0.44  0.23  0.48 
0.5-ILAE-SPC  24.414  44.078  0.3643  0.2053  0.6726  1.8437  95.07  4.49  0.34  0.10  0.00 
0.7-ILAE-SPC  24.701  42.820  0.3601  0.2110  3.7129  1.0329  93.90  5.56  0.19  0.29  0.07  

Fig. 4. a) N2 isotherm adsorption-desorption, and b) mesopores distribution of x-ILAE-SPC.  
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chemical reaction to dehydrate organic compounds and their residues. 
Other impurity compounds also display similar characteristics. The 
addition of a higher ratio to 0.7-ILAE-SPC illustrates a strong broad peak 
in the carbon plane (002), associated with semi-crystalline degradation 
that initiates the presence of a graphite-like carbon structure [67]. This 
is a strong consideration for the presence of sheet carbon structures in 
the x-ILAE-SPC precursor. 

The interlayer spacing (d002 and d100) and microcrystalline di
mensions (Lc and La) are summarized in Table 1. The d002 of x-ILEA-SPC 
shows values in the range of 0.3601 to 0.3924 nm, which are relatively 
larger than the d002 structure of carbon graphite (0.3354 nm). This 
revealed that the obtained carbon has an amorphous structure with an 
abundant presence of pores [45]. Meanwhile, d001 ranges from 0.2020 

to 0.2110 nm due to the weak crystalline nature of the precursor. The 
effectiveness of providing suitable active sites accumulated in the sur
face area can be predicted through the microcrystalline Lc dimension. 
This is supported by Kumar et al. 1997 and Deraman et al. 2015 [68,69], 
who stated that the surface area of carbon precursors can be determined 
through empirical equations. The low Lc allows the provision of a high 
surface area to the precursor carbon. Therefore, 0.5-ILAE-SPC confirms 
the precursors' potential in producing high specific surface area, which is 
very useful in improving the capacitive properties of supercapacitors. An 
in-depth analysis is reviewed on N2 gas uptake is in Fig. 4 and Table 2. 

The chemical element analysis of the ILAE precursor converted to 
SPC was reviewed in detail through the energy dispersive spectroscopy 
(EDS) technique, as illustrated in their spectra (Fig. 3b-d). Table 1 
summarizes the x-ILAE-SPC status elements obtained from ZnCl2 
impregnation at different ratios in high-temperature heated treatment. 
The selected porous carbon conversion strategy possessed a very high 
level of carbon purity of 93.63–95.07 % to improve the performance of 
electrode materials in electrochemical double-layer capacitor (EDLC) 
systems. Furthermore, oxygen was the second highest element in the 
impregnation range of 4.49 % to 5.56 %, which is closely related to their 
contribution to providing wettability properties of x-ILAE-SPC. The high 
wettability significantly contributes to the presence of faradaic redox 
reactions in the electrode material [70]. This confirms the potential of 
the precursors to exhibit pseudo-capacitive behavior in the 

Table 2 
Porosity properties of x-ILAE-SPC.  

Samples SBET (m2 

g− 1) 
Smicro (m2 

g− 1) 
Smeso (m2 

g− 1) 
Vtot (cc 
g− 1) 

Dav 

(nm) 

0.3-ILAE- 
SPC  

334.697  269.955  64.742  0.194986  1.16515 

0.5-ILAE- 
SPC  

689.935  608.195  81.740  0.38371  1.11232 

0.7-ILAE- 
SPC  

419.311  339.932  79.378  0.240482  1.14703  

Fig. 5. a) CV profile in 1 mVs− 1 of x-ILAE-SPC, b) CV profile in 1–10 mV s− 1 of 0.5-ILAE-SPC, c) specific capacitance vs. different scan rate, and d) cyclic per
vormance in 1–10 mVs− 1 of x-ILAE-SPC. 
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electrochemical properties [25,71]. ZnCl2 also vaporizes organic com
pounds, impurities, and ash maximally in precursors to obtain good 
biochar. The increase in the impregnation ratio also leads to higher 
carbon purification with optimum reduction of Mg and K impurities in 
the range of 0.44 % to 0.10 %. The Zn residues were completely removed 
at 0.5-ILAE-SPC followed by the degradation of their impurities. 
Meanwhile, an increase in the ZnCl2 ratio at 0.7-ILAE-SPC caused a 
carbon reduction of 93.90 %, associated with an excessive carbon 
etching reaction. This is described in Table 1 where the excessive 
removal of the pore framework reduces purity and increases elemental 
oxygen in the precursor. 

The porosity behavior and pore distribution characteristics of carbon 
nanosheets based on aromatic evergreen Laurus nobilis leaves were 
evaluated by N2 isotherm adsorption-desorption at 77 K, as illustrated in 
Fig. 3a. The N2 adsorption isotherm profile of the x-ILAE-SPC mainly 
shows the prominent combination features of the type-I and IV curves. 
This is characterized by a drastic increase in the adsorbed volume at a 
relatively low-pressure region (P/P0 < 0.049), proving the presence of 
abundant micropores (type I). A weak hysteresis loop on the isotherm 
(P/P0 > 0.31) also indicates the presence of a confirmed rapidly 
growing mesoporous minority, namely type IV [72]. The nature of the 
micro-mesoporous combination stems from the release of small mole
cules of characteristic aromatic volatiles during the decomposition of 
the lignocellulosic components upon activation of ZnCl2. Recently, 
many theories have reported that the dominant micropores significantly 
promote the electrochemical double-layer abnormal capacitance (EDLC) 
enhancement in carbon materials [66,73]. The larger mesopore size 

enables the carbon material to enhance the fast accessibility and high 
power density of supercapacitor devices [74]. Furthermore, x-ILAE-SPC 
displays two distinct pore types, namely micropores and mesopores 
which simultaneously contribute to the enhancement of EDLC by 
providing suitable active sites for electrolyte ions and reduced ion 
transfer resistance for fast dynamic charging processes. The 0.3-ILAE- 
SPC shows a hysteresis loop profile with longer open tails revealing 
poor mesoporous development with a narrow-bottleneck-like pore 
structure. This imperfect pore pattern impedes the desorption of N2 gas 
to distort the isotherm profile, with a specific surface area ranging from 
334.697 m2 g− 1 at a total volume of 0.194 cm3 g− 1. The addition of the 
ZnCl2 ratio showed a significant specific surface area of 689.935 m2 g− 1 

and a total volume increase of 0.38371 at 0.5-ILAE-SPC. The relatively 
closed hysteresis loop profile characterizes the development of a well- 
defined mesoporous structure with a unique morphology of nano
sheets. The result showed that confirmed mesoporous structure in the 
nanosheet morphology as an open channel can reduce the ion-electrode 
resistance and increase fast ion migration ability to reduce the shrinkage 
effect of capacitive behavior at large current densities. As presented in 
Table 1, the ratio of ZnCl2 1:0.5 yielded the highest specific surface area 
in ILAE-SPC with a predominance of 88 % microporous and 12 % 
mesoporous, causing a significant increase in electrochemical behavior. 
Moreover, a greater increase in the ratio at 0.7-ILAE-SPC did not guar
antee the formation of high porosity. The carbon surface area was 
reduced to 419.311 m2 g− 1 with the total volume maintained at 0.24048 
cm3 g− 1. Chemical impregnation at higher solution concentrations was 
found to cause shrinkage of the carbon skeletons and damage nanosheet 

Fig. 6. a) GCD profile in 1 A g− 1 of x-ILAE-SPC, b) GCD profile in 1–10 A g− 1 of 0.5-ILAE-SPC, c) specific capacitance vs. different current density, and d) coulombic 
efficency in 1–10 A g− 1 of x-ILAE-SPC. 

E. Taer et al.                                                                                                                                                                                                                                     



Journal of Energy Storage 67 (2023) 107567

9

morphology. This leads to a decrease in surface area and a reduction in 
the electrochemical performance. 

To confirm mesopores in x-ILAE-SPC, their pore size distribution was 
reviewed in detail by adopting the BJH method, as illustrated in Fig. 3b. 
It was discovered that all samples show a clear mesoporous presence in 
the 3.0-28 nm size range. Meanwhile, 0.5-ILAE-SPC gave the highest 
mesoporous volume confirming the rapid development in carbonaceous 
materials. This feature is needed to achieve maximum ion accessibility 
in the electrode material. Further analyzes were confirmed through the 
CV and GCD approaches. 

The electrochemical performance of ILAE-based carbon electrodes 
was studied comprehensively in a symmetrical supercapacitor system 
with an aqueous electrolyte of 1 M H2SO4. Firstly, the 0.3-ILAE-SPC, 0.5- 
ILAE-SPC, and 0.7-ILAE-SPC electrodes were evaluated at 1 mV s− 1 

cyclic. As presented in Fig. 5a, the CV profile showed a nearly perfect 
rectangular shape revealing the purely electrochemical properties of the 
charge interactions at the electrode/electrolyte interface [75]. More 
specifically, the x-ILAE-SPC electrode has a significant increase in cur
rent density a “camel's hump-like” at a potential window of 0.4–0.8. This 
is closely related to the faradaic redox reaction characterizing the 
pseudo-capacitance effect, which is the contribution of self-doping ox
ygen heteroatoms [76]. Previous investigations have established that 
oxygen content always accompanies the synthesis of porous carbon 
because the dangling carbon bonds are known to absorb moisture 
quickly [77]. This was confirmed in detail on XRD and EDS analyses, as 
shown in Fig. 2 and Table 1. The oxygen functional group has a signif
icant impact on the charge storage properties of the porous carbon. This 
makes oxygen functionalization receive much attention to improve the 
properties of carbon-based energy storage electrodes. Therefore, the 
camel's hump on the CV profile is confirmed in the 0.4–0.8 V range. 
According to the electrical double-layer properties and pseudocapaci
tance effect, the 0.3-ILE-SPC electrode displays a specific capacitance of 
144 F g− 1 in a two-electrode configuration system. The increase in the 
ratio of the activating agent to 1:0.5 significantly increased its capacitive 
properties by 189 F g− 1. The morphological structure of 2D nanosheets 
with their sheet walls filled with pores forming a gauze-like sheet at 0.5- 
ILAE-SPC enables rapid adsorption-desorption of ionic charges, thereby 
enhancing the super-capacitive properties of the porous carbon [78]. 
The confirmed self‑oxygen doping caused an increase in the perfor
mance of the electrode material. However, increasing the ratio higher at 
1:0.7 indicates degradation of the carbon electrochemical properties. 
0.7-ILAE-SPC illustrates a small CV profile with a distorted shape con
firming the weaker electrochemical properties. Although the oxygen 
functionalization increased to 5.56 %%, the unfavorable pore structure 
in the SEM image followed by the majority of micropores weakened the 
accessibility of charged electrolyte ions on the carbon electrode surface, 
which impacts their electrochemical performance [66]. The capacitive 
properties obtained are highly reduced with a specific capacitance of 
145 F g− 1. Moreover, the specific capacitance of x-ILAE-SPC is relatively 
much higher than porous carbon based on ILAE without activation 
which only has a specific capacitance of 36 F g− 1, as illustrated in 
Fig. S1a. 

The confirmation of the high performance of the 0.5-ILAE-SPC 
electrode was reviewed by the CV curve in the higher scan rates from 
1 mV s− 1 to 10 mV s− 1, as shown in Fig. 5b. It was discovered that the CV 
profiles retain a rectangular shape, indicating good double-layer 
capacitive properties. In addition, CV curves of 0.5-ILAE-SPC still 
maintan rectangular shape in 100 mV s− 1, as illustrated in Fig. S2. The 
effect of pseudo-capacitance was also missing, indicating that the self- 
doping of the provided heteroatoms was insufficient to sustain the 
faradaic redox reaction at a high scan rate of 10 mV s− 1, as stated in 
previous literature [76]. Furthermore, an increase in scanning rate 
caused an evaluation of the specific capacitance of the carbon electrode. 
Fig. 5c displays the specific capacitances obtained by the x-ILAE-SPC 
electrodes at different scanning rates. The results showed that increasing 
the scanning rate from 1 to 10 mV s− 1 significantly degrades the 

capacitive properties of the electrode material. This is due to the pore 
structure of the electrode material is not completely accessible to elec
trolyte ions [79]. The conductivity of the electrolytes and resistance are 
also considered. However, the three electrodes showed high cyclic 
performance of 82.45 %, 81.16 %, and 75.45 % for 0.3-ILAE-SPC, 0.5- 
ILAE-SPC, and 0.70-ILAE-SPC, respectively, as presented in Fig. 5d. 
Furthermore, the 2D nanosheets followed by a hierarchical pore struc
ture significantly improve the electrode material's performance for 
supercapacitor applications. 

The electrochemical properties of the x-ILAE-SPC electrode were 
further measured using a galvanostatic charge-discharge technique at a 
current density of 1 A g− 1 in a 2-electrode configuration, as presented in 
Fig. 6a. The GCD profiles of the 0.3-ILAE-SPC, 0.5-ILAE-SPC, and 0.7- 
ILAE-SPC electrodes confirmed the nearly isosceles triangular shape 
revealing the electrochemical properties of normal double-layer capac
itors. The iR drop was observed to be very weak, indicating the equiv
alent series resistance of the electrodes obtained by a small delay of 
approximately 28, 21, and 9 mΩ for the 0.3-ILAE-SPC, 0.5-ILAE-SPC, 
and 0.7-ILAE-SPC electrodes, respectively. This shows that the addition 
of an activating agent ratio from 1:0.3 to 1:0.7 significantly increases the 
accessibility of charged ions through the nano-sheets filled with mesh 
pores, leading to low resistance and high conductivity [80]. Further
more, the rapidly expanding pore structure allows the provision of a 
smooth charge transfer pathway in the supercapacitor cell system, as 
confirmed in the N2 gas sorption analysis. The introduction of heter
oatomic oxygen dopants onto the carbon surface was significant in the 
GCD profile, which displays convex and concave curvature in the 
charging and discharge areas, respectively. Ionic degradation and fara
daic reactions of oxygen functional groups significantly affect the ideal 
GCD profile. The length of time (s) in the charging and discharging 
process represents the high capacitive nature of the electrode. Based on 
the standard equation, the specific capacitance obtained was 154, 205, 
and 144 F g− 1 with coulombic efficiency of 82.67 %, 81.66 %, and 75.11 
% for 0.3-ILAE-SPC, 0.5-ILAE-SPC, and 0.7-ILAE-SPC, respectively, as 
shown in Fig. 6b. All these capacitive performances were relatively 
much higher than that of ILAE-based carbon without activation treat
ment of 43 F g− 1, as shown in Fig. S1b.Increasing the impregnation ratio 
of the ZnCl2 activating agent from 1:0.3 to 1:0.5 also boosted the elec
trocapacitive 0.5-ILAE-SPC electrode. This is due to a very drastic 
change in their morphological structure, causing a thin nanosheet 
structure with sheet walls to overgrow with various pores [57]. This is 
followed by an increase in the purity of the carbon obtained which 
initiates high ion accessibility, provision of suitable surfaces, and 
charge-discharge space [81]. The heteroatom dopant on the carbon 
surface also serves as an effective linking element for the growth of the 
hetero-nano structure and helps to achieve higher electrolytic ion 
adsorption than in pure carbon, chemically active site, wettability, 
porosity, charge distribution, charge density, conductivity, and elec
tricity [25]. The result also reveals that the contribution of quantum, 
space charge, and pseudocapacitance leads to a significant improvement 
of the supercapacitive properties of the carbon structure to improve the 
supercapacitor performance of the active electrode. However, 
increasing the ratio of ZnCl2 to 1:0.7 exhibited poor capacitive proper
ties due to significant degradation of porosity and surface morphology 
followed by a decrease in their carbon content, as confirmed in SEM and 
EDS images. The over-etching of the carbon chains by the activating 
agent significantly reduces the hetero-nano structure of the carbon 
skeleton. This makes the pore structure disintegrate, thereby eliminating 
the accessibility of ionic charges on the electrode surface. Interestingly, 
although 0.7-ILAE-SPC has a greater specific surface area than 0.3-ILAE- 
SPC, 0.3-ILAE-SPC possesses a higher specific capacitance of 154 F g− 1. 
This is due to the mesoporous growth of 0.3-ILAE-SPC which increased 
by 24.6 % followed by the confirmed hierarchical nanosheet structure 
that allows for excellent ion transfer at the electrolyte/electrode inter
face. The GCD curve shape of the 0.5-ILAE-SPC electrode maintains an 
isosceles triangle shape with high coulomb efficiency at different current 
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densities from 1 to 10 A g− 1, indicating the best electrode quality, as 
illustrated in Fig. 6c. Furthermore, Fig. 6d reveals the specific capaci
tance of the x-ILAE-SPC electrodes at different current densities. It was 
discovered that the specific capacitance significantly decreased as the 
current density increased from 1 to 10 A g− 1, due to the non-optimal 
combination of pore structures reducing the absorption of ionic 
charge. The carbon electrodes obtained maintained their high capacitive 
of 98, 161, and 23 F g− 1 at 10 A g− 1 for 0.3-ILAE-SPC, 0.5-ILAE-SPC, and 
0.7-ILAE-SPC, respectively. 

The intrinsic electrochemical behavior of the x-ILAE-SPC electrode 
was further investigated using electrochemical impedance (EIS) in 1 M 
H2SO4 electrolyte. The Nyquist plot of the ILAE-based carbon electrode 
as shown in Fig. 7a confirms the characteristic features of EDLC-type 
supercapacitors. In addition, the Nyquist plot is fitted using the Ran
dles equivalent circuit. Specifically, the near-perfect vertical line in the 
low-frequency region illustrates the electrical double-layer response 
dominance. The striking Warburg curve observable in the insert of 
Fig. 7a over the intermediate frequency range characterizes the fluctu
ating diffusion of electrolyte ions into the internal pore channels of the 
electrode material. Small semicircles in the high-frequency region 
Nyquist plot reveal a fast charge transfer process, with a significant ef
fect on the relatively fast charge/discharge. The electrolyte resistance of 
the Nyquist curve is relatively low 0.09, 0.14, and 0.23 Ω for the 0.3- 
ILAE-SPC, 0.5-ILAE-SPC, and 0.7-ILAE-SPC electrodes, respectively. 
This is closely related to the porosity and oxygen functional groups at 
the optimized carbon surface [82]. The real axis intercept is also the 
equivalent series resistance (ESR), which reflects the electronic resis
tance of the active material, the contact resistance at the electrode/ 
electrolyte interface, and the electrolyte ion resistance [83]. The in
crease in the carbon:ZnCl2 ratio from 1:0.3 to 1:0.5 indicates a lower 

equivalent series resistance from 0.79 Ω to 0.31 Ω due to significant 
changes in the morphological structure of rich nanosheet and an 
improvement in the combination of hierarchically connected micro- 
mesopores. The pores on the nanosheets allow fast ion transfer be
tween the sheets to reduce the resistance of the electrode material. The 
result also showed that the self‑oxygen doped allows for an increase in 
the wettability of the electrode material needed to attract the electrolyte 
charges at their interface. However, the increase in the ratio of acti
vating agents at 0.7-ILAE-SPC showed a significant increase in the 
equivalent series resistance of 3.49 Ω. This is due to the reduction of 
their 2D nanosheet morphological structure, as confirmed via SEM im
ages. The porosity of the activating agents is also graded, thereby 
allowing closed ionic charge transfer pathways and inhibiting the elec
trochemical performance of the electrode material. Bode plots have also 
been studied to evaluate the phase angle-frequency relationship of the 
proposed ILAE-based carbon electrode. Fig. 7b presents the phase angle 
of each electrode concerning frequency, where 0.5-ILAE-SPC shows a 
value of approximately − 80◦ which confirms the ideal capacitive 
behavior of EDLC with minimum resistance to charge transfer and high 
capacitive properties [24,84]. Similarly, Bode plots of real capacitance 
(C′) and imaginary capacitance (C′′) as a function of frequency were also 
reviewed on the x-ILAE-SPC electrodes as presented in Fig. 7c and d. 
Every electrode illustrated a different real capacitance response. The 
0.5-ILAE-SPC electrodes display a high C′ at low frequencies revealing 
that their entire surface is accessible to electrolyte ions. The gradual 
decrease in C′ at high frequencies confirms the effective ion adsorption/ 
desorption phenomenon. This proves that spilled microporosity is very 
necessary to achieve higher performance. Fig. 3d presents C′′ as a fre
quency function that represents the relaxation time constant. Mean
while, the peak frequency (fp) observed in plot C′′ reveals the efficiency 

Fig. 7. a) Nyquist plot, b) Bode phase plot, c) Bode plot of real capacitance vs. frequency, and d) Bode plot of imaginer capacitance vs. frequency of x-ILAE-SPC.  
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of discharge and charge times at the electrode/electrolyte interface. 
Based on Fig. 7d, the 0.5-ILAE-SPC electrode showed the shortest 
relaxation time followed by 0.3-ILAE-SPC, and 0.7-ILAE-SPC 11.91, 
24.63, and 62.50 ms, respectively. These results indicate that the 2D 
nanosheet structure associated with rich micropores and hierarchically 
linked 3D mesopores significantly contributes to increasing ultra-fast 
and excellent ion adsorption/desorption capability at the 0.5-ILAE- 
SPC symmetrical electrode. 

An in-depth analysis of the potential application of energy storage 
devices from a 2D nanosheet-3D hierarchical porous carbon source 
based on ILAE was also reviewed through a Ragone plot as shown in 
Fig. 8. It was generally discovered that the energy densities have an ideal 
range of values for supercapacitor applications and 0.5-ILAE-PC was 
found to have the most outstanding performance with the highest 
increased energy density of 21.56 Wh kg− 1 at a power density of 1.101 
KW kg− 1. Moreover, the energy density obtained in the two-electrode 
configuration system was relatively high compared to those reported 
in previous studies as summarized in Table 3. 

4. Conclusion 

Novel ILAE biomass was successfully converted into a highly acti
vated carbon 2D nanosheet structure, which is connected hierarchically 
in 3D and doped with oxygen heteroatoms to optimize the performance 
of symmetric supercapacitors. Morphological control focused on the 
ratio of ZnCl2 activating agent at 1:0.3, 1:0.5, and 1:0.7 in high- 
temperature pyrolysis. The wettability of the carbon obtained was 
confirmed in the maximum oxygen functional group of 5.56 % which is 
closely related to self-doping in the pseudo-capacitance effect. 
Furthermore, 0.5-ILAE-SPC showed optimal porous carbon production 
with abundant 2D nanosheet structure connecting 3D hierarchical 
gauze-like sheets. The porosity properties were improved optimally with 
the highest specific surface area of 689.935 m2 g− 1 dominated by mi
cropores of 608.195 m2 g− 1 and mesopores of 81.740 m2 g− 1 with a total 
volume of 0.383 cm3 g− 1. The electrochemical properties of the pre
pared porous carbon were examined in an aqueous electrolyte of 1 M 
H2SO4 at a potential of 0 V to 1.0 V. Activated carbon nanosheet ob
tained from the ratio 1:0.3, 1:0.5, and 1:0.7 performed high specific 

Fig. 8. Ragone plot of x-ILAE-SPC compared with other carbon sources such as pecan shell [37], eggplant [85], quinone amine [86], chitosan [87], corn stalk [88], 
and Medula tetrapanacis [89]. 

Table 3 
Comparison of the electrochemical behaviors of carbon-based supercapacitors in aqueous electrolytes.  

Carbon sources Structures Heteroatom Current density (A g− 1)/ Electrode system (2-E/ 
3-E) 

Csp 

(F g− 1) 
Esp 

(Wh 
kg− 1) 

Psp 

(W 
kg− 1) 

Ref 

Oak nutshell Nanosheet S 0.4/3-E  398 17 200 [23] 
Oak nutshell Nanosheet S 0.1/2-E  124 – – [23] 
Eucalyptus-bark Hierarchical – 1.4/2-E  155 32.8 57 k [24] 
Alfalfa flowers hollow structure O 1.0/2-E  201.4 28 100 [25] 
cornstalk pith Hierarchical N 0.2/2-E  377 13.2 99.3 [26] 
Watermelon peel Hierarchical O 1.0/2-E  226 25.4 180 [28] 
native European deciduous 

trees 
Hierarchical – 0.25/3-E  24 0.53 51 [29] 

Raw cork Honeycomb N 1.0/3-E  180 6.25 259 [90] 
Borassus flabellifer fruit Flesh Hierarchical – 1.0/3-E  159 8 – [91] 
Borassus flabellifer fruit skin Hierarchical – 1.0/3-E  208 – – [92] 
0.5-ILAE-SPC Hierarchical- 

Nanosheet 
O 1.0/2-E  205 21.56 1.101 k Current 

study  
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capacitances of 154, 205, and 44 F g− 1 with coulombic efficiency of 
82.67 %, 81.66 %, and 75.11 % at 1 A g− 1, respectively. The 0.5-ILAE- 
SPC also has the lowest equivalent series resistance of 0.31 Ω proving a 
very fast ion charge-discharge transfer at the electrolyte/electrode 
interface. Moreover, the high energy density of 26.30 Wh kg− 1 at a 
maximum power density of 1.09 kW kg− 1 proves that activated carbon 
nanosheets from Novel ILAE biomass have great potential as sustainable 
electrodes for clean energy storage devices, especially symmetric 
supercapacitors. 
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