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a b s t r a c t

Thin porous carbon nanospheres based on natural materials, characterized by abundant

availability, facile synthesis without templates, and heteroatom doping have confirmed the

enhanced high performance of electrochemical energy storage devices. However, these

potentials are difficult to obtain, and further poses a serious challenge. This work, activated

carbon nanosphere was obtained from the biomass precursor shallot peel through a solid

coin-like design with different chemical impregnations with high-temperature pyrolysis.

The three different activators used were KOH, ZnCl2, and NaOH, selected to optimize the

precursor's potential to produce porous carbon nanospheres. All the carbons prepared

exhibited potential nano-sized morphological structures with a high carbon content of

77.71e90.11%. Furthermore, the oxygen content of 24.60% indicated a doping heteroatom

for the electrode material. Surprisingly, the KOH impregnation exhibited a nanosphere-rich

morphological structure with a diameter of 102e124 nm adhering to the nanofiber surface.

This combination of material properties has the benefit of improving the supercapacitor's

performance with a high specific capacitance of 170.12 F g�1 in a 1 M H2SO4 aqueous

electrolyte. Meanwhile, the maximum specific energy reached 16.67 Wh kg�1 with a

maximum specific power of 86.40 W kg�1 at a constant current density of 1.0 A g�1, in a

two-electrode system. Therefore, the activated carbon with a solid coin-like design derived

from shallot peel waste is a potential source of a rich nanospheres structure with a facile

strategy for large-scale commercial electrochemical energy storage applications.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Rapid industrial and technological development plays an

important role in changing the global community's social life.

This has led to a significant increase in the use of high-end

smartphones, tablets, laptops, personal computers, as well

as high-quality cameras, and consequently, triggers high en-

ergy consumption, as well as environmental damage.

Recently, researchers have focused on the procurement of

environmentally friendly electrical technology and optimiza-

tion of storage devices for electrical energy, particularly bat-

teries, supercapacitors, and electrolytic capacitors. The hybrid

electric vehicle model has been considered as one of the latest

technological evolutionary progress initiating the intense

study of energy storage devices with enhanced electrodes,

especially lithium-ion batteries and high-performance

supercapacitors [1,2]. In addition, supercapacitors are high-

performance electrochemical storage devices with cheaper,

as well as more effective, and efficient electrode materials,

compared to lithium-ion batteries [3]. These devices also have

considerably infinite cycle life, high power density, excellent

reversibility, and higher power density, and therefore, show

promising application in various sectors, especially in electric

vehicle systems [4,5]. The consumption of fuel oil and natural

gas for industrial vehicles and machinery leads to environ-

mental pollution, followed by the depletion of these non-

renewable resources, and also shows the need to develop

high-performance supercapacitors based on inexpensive,

easily synthesized, as well as highly effective electrode ma-

terials. Numerous raw materials have been studied to obtain

superior electrodes for supercapacitors, including polymers

[6,7], graphene oxide [8], metal oxides [9e11], carbon black

[12], and biomass-based porous carbon [13,14]. However,

biomass-based carbon is cheap, easy to obtain, abundantly

available, as well as pollution-free, and is, therefore, more

popular, compared to the other materials [15]. Furthermore,

this is a suitable alternative solution to reduce toxic waste

from the by-products of industrial activities [16,17]. Recently,

agricultural by-products have shown outstanding super-

capacitor performance, obtaining surface areas of up to >2000
m2g-1, and this is able to improve the specific capacitance

properties by about 400 Fg-1 [18e20]. Most importantly, the

specific energy is increasable by up to 3 times, compared to the

review studies by optimizing pore characteristics by hierar-

chically interconnecting 3D pores between micro, meso, and

macropores [20,21]. This is the answer to the main challenge

of supercapacitor-related studies where the specific energy

was reported to be lower, compared to the specific power.

However, not all biomass is able to produce a 3D hierarchical

pore structure including micro, meso, and macropores. Also,

the material's benefits are limited by the relatively complex

preparationmethods using templates,metal frameworks, and

the addition of synthetic materials. Researchers believe this

challenge is bound to be overcome by changing the particle

size and up to nano size. Furthermore, carbon nanospheres

have shown high specific surface area advantages, providing

well-connected diverse pore structures, high conductivity, as

well as good chemical-thermal stability, and this is able to

promote high specific energies in electrochemical energy
storage devices [22,23]. Zheng et al., (2021) reported the su-

periority of the nanosphere's structure has the capacity to

increase the specific energy to 71.9 Whkg�1, with a specific

capacitance of 273.9 Fg-1 [24]. Zhou et al., (2021) also reported a

similar finding, with an ultra-high specific capacitance of 1214

Fg-1 [25]. However, these studies mostly used polymeric ma-

terials as well as metal oxides for fabrication, and the method

presented is relatively complex, requires various instruments,

and has toxic side effects. Recently, He et al., (2021) studied the

potential of red rod biomass waste in producing hierarchically

porous hollow carbon nanospheres through a one-step by

thermal treatment, and reported a surface area of 1792 m2g-1,

with a specific capacitance of 198.6 Fg-1 [26]. In addition, the

method reported is relatively simple, and reproducible with

standard instruments. This confirms natural materials are a

potential source of nanosphere structures, although this is not

confirmed in all biomass.

In this study, porous carbon nanospheres were produced

from shallot peel agricultural waste through a simple and

feasible strategy with chemical impregnation of KOH,

ZnCl2, and NaOH at high-temperature pyrolysis. Several

chemical activations were applied to optimize the

precursor's potential morphological structure. The porous

carbon was prepared in the form of an adhesive-free solid

with a coin-like design as a basic approximation to

maintain the real conductivity properties, and the porous

carbon obtained possessed a nanosphere structure followed

by nanofibers and nanosheets with a specific surface area

of 1182.3 m2g-1. Most importantly, the KOH impregnation

produced a nanosphere-rich morphological structure with a

diameter of 102e124 nm adhering to the nanofiber surface.

The supercapacitor cell system's high electrochemical

properties were confirmed with a specific capacitance of

170 Fg-1 at a current density of 1.0 Ag�1, through a two-

electrode configuration. Meanwhile, the maximum specific

energy was discovered to reach 16.67 Wh kg�1, with a

maximum specific power of 86.40 Wkg-1 in 1 M H2SO4

aqueous electrolyte. Therefore, environmentally friendly,

inexpensive, and controlled carbon nanospheres were

obtained from shallot peel biomass precursors as electrode

material for high-performance electrochemical energy

storage devices, using a chemical impregnation method at

high-temperature pyrolysis.

2. Materials and methods

2.1. Materials

The selected biomass raw material was shallot peels waste

obtained from vegetable farmers in Pekanbaru city. Subse-

quently, the samples were dried in two stages: under direct

sunlight and in an oven vacuum at 110 �C. This was followed

by crushing and grinding the dried shallot peels into powder

with particle size <60 mm. Meanwhile, the chemical activating

agents used, KOH, ZnCl2, and NaOH in a 0.5 mL�1 solution,

were purchased from several brands including Sigma Aldrich

and Merck KGaA, respectively. In the electrochemical anal-

ysis, the electrolyte prepared was a 1M H2SO4 solution ob-

tained from Panreac Quimica Sau while the separator was
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Fig. 1 e Change in density of coinlike porous carbon

nanosphere.

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 1 ; 1 5 : 1 7 3 2e1 7 4 11734
selected from the organic material of the duck eggshell cell

membrane.

2.2. Synthesis of shallot peel-based nanospheres
activated carbon

For this experiment, 30g of Shallot peel (SP) powder were

chemically impregnated separately, using KOH, ZnCl2, and

NaOH solutions, then oven-dried at 110�C for 36e48 h. The

chemically impregnated carbon powder was then converted

to a solid coin-like shape by passing through a hydraulic

press instrument under a pressure equivalent to a load of

±8ton. This solid coin-like design was prepared without the

addition of adhesives, by purely optimizing the raw mate-

rial's self-adhesive. A total of 15 solid coin-like carbon were

then placed into the furnace tube for high-temperature py-

rolysis involving carbonization and physical activation pro-

cesses in the N2 and CO2 gas environments. The optimum

temperatures for carbonization and physical activation are

600�C with a temperature increase of 3 �C/min and 900�C
with a temperature increase of 10 �C/min, respectively.

Subsequently, all samples were neutralized by immersion in

DI water.

2.3. Material characterization

The density of samples designed to possess a solid coin-like

shape without the use of adhesive materials must be evalu-

ated through measurements of mass, diameter, and thick-

ness. In this study, the microcrystalline phase change

behavior was analyzed by X-ray diffraction (Shimadzu-XRF-

7000L) at a 2q angle range of 10e60� with CuKa as the irradi-

ation source, while the microcrystalline dimensions were

evaluated using the debye-Scheerer equation [27]. Further-

more, the material's morphology and surface structure were

analyzed using the scanning electronmicroscopy method at a

maximum voltage of 15Kv (JSM-6510A/JSM-6510LA), while the

elemental composition was confirmed using energy disper-

sive spectroscopy in the energy range of 0e20 keV (JSM-6510A/

JSM-6510LA).

2.4. Confirmation of electrochemical properties

The electrochemical properties of nanospheres activated

carbon based on shallot peel waste were evaluated through

the general cyclic voltammetry (CV) and galvanostatic

chargeedischarge (GCD) technique. Furthermore, the

supercapacitor cell was prepared in a two-electrode

configuration comprising two solid coin-like activated car-

bons designed without adhesive and separated by an

organic separator in an aqueous electrolyte solution of 1M

H2SO4, with a working mass of ±0.0101g. The cyclic vol-

tammetry method was performed at a maximum potential

window of 0e1V in several scan rates including 1,2, 5, and

10 mV s�1, and the specific capacitance was evaluated

using the standard equation [28,29]. Also, the galvanostatic

charge discharge was evaluated at a constant current

density of 1.0 A g�1, while the specific capacitance, specific

energy, and specific power were determined using standard

equations [30].
3. Results and discussions

3.1. Materials properties analysis

Density change is an initial analysis performed to evaluate the

material properties of the activated carbon designed to

resemble a solid coin without any adhesive material. The

chemical impregnation processes using KOH, ZnCl2, and

NaOH treatments at high-temperature pyrolysis directly

affect the coin's density through reducedmass, thickness, and

diameter. The high-temperature pyrolysis and a certain tem-

perature rise led to evaporation of the water content, volatile

elements, and other light compounds [31]. Generally, Shallot

peel as rawmaterial contains hemicellulose, cellulose, as well

as lignin compounds incorporated in the lignocellulosic

components, and this undergoes decomposition, as well as

reduction at different temperatures. Furthermore, the

carbonization process in an N2 gas environment at a

maximum chamber temperature of 600�C is able to produce

carbon fixed from precursor samples through evaporation of

the water content and reduction of the lignocellulosic com-

ponents, consequently, reducing the sample's density [32].

However, the residual content of tar as a by-product of

carbonization is considered to hinder optimized carbon pores

framework expansions, therefore, further physical activation

processes are required in a CO2 gas environment [33]. Ac-

cording to Fig. 1, the physical activation process was per-

formed at 600�Ce900�C to reduce as well as degrade cellulose

and lignin compounds, maximizes pore expansion, while

opening narrow pores on the activated carbon surface,

consequently, reducing the activated carbon's density [34].

The three shallot peel-based activated carbon samples expe-

rienced a reduction in density after a high-temperature py-

rolysis process, including carbonization and physical

activation integrated into one step. Before the pyrolysis, the

densities of activated carbon of the SP-KOH, SP-ZnCl2, and SP-

NaOH samples were 0.8890, 1.0946, as well as 0.8075 g cm�3,

respectively, and after the pyrolysis, the densities were 0.8455,

0.8489, and 0.5889 g cm�3, respectively. The largest density

https://doi.org/10.1016/j.jmrt.2021.09.025
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reduction of 27.07% was obtained in the SP-NaOH sample,

followed by the SP-ZnCl2 and SP-KOH samples at 22.44% and

4.89%, respectively. Therefore, chemical activation also

significantly affects the sample's density, due to the activating

reagents' features and reactions with carbon at different

temperatures. This study's density analysis is in agreement

with previously reported studies using different precursors,

including reed waste [35], and durian shell [36].

Fig. 2 shows the X-ray diffraction analysis on the micro-

crystalline phases of the three activated carbons obtained.

The XRD pattern for the SP-KOH, SP-ZnCl2, and SP-NaOH

samples was evaluated at an angle range of 10�e60�. Gener-
ally, all samples showed two broad peaks at 2q ¼ 24� and 45�,
followed by several sharp peaks at different angles. The broad

peaks at 2q ¼ 24� and 45� correlated with the scattering planes

002 and 100, confirming the turbostratic disturbed carbon

structure and leading to desirable amorphous properties [37].

This property helps the electrode material to provide an ionic

charge contact area in optimizing the supercapacitor's high

performance. In addition, the SP-KOH sample displayed two

larger broad peaks, compared to the SP-ZnCl2 and SP-NaOH

samples, especially in the 002 reflection plane. This is prob-

ably due to the carbon surface's increasingly irregular struc-

ture, initiating the formation of various pore sizes [38]. This is

in agreement with several case studies, where similar cases

were also reported [39]. Also, sharp peaks were found at

different angles, including 28.1e29.4�, 33.1�, 37.6�, 45.8e46.3�,
and 48.8�, confirming the presence of crystalline compounds

in almost all samples, particularly CaO/CaCO3, MgO, and SiO2

compounds. Cao/CaCO3 compounds were found at 28.1e29.4�,
and 48.8� (JCPDS No. 82-1690), while MgO compounds were

confirmed at 45.8e46.3�, and SiO2 compounds at 33.1� and

37.6� (JCPDS No. 89-1668). The presence of these compounds is

partially due to basic constituents of the biomass precursors

subjected to oxidative stress during pyrolysis. These results

were also confirmed through elemental analysis using EDS.

Table 1 provides a detailed summary of the interlayer

spacing d002-d100 and microcrystalline dimensions Lc-La for

chemically impregnated activated carbon. The d002 and d001

values of SP-KOH, SP-ZnCl2, and SP-NaOH are reasonable for
Fig. 2 e XRD pattern of coinlike porous carbon nanosphere.
bio-waste-based amorphous carbon. Furthermore, d002 has a

relatively higher value of 9.09%, compared to d002 for normal

graphite, confirming the irregular (turbostratic) carbon struc-

ture. Meanwhile, the microcrystalline dimensions, especially

Lc, are closely related to the prediction of the specific surface

area of carbonaceous materials through empirical equations

SSAXRD ¼ 2/rXRDLc, as previously reported [40,41]. Lc is a

parameter inversely proportional to the specific surface area,

therefore, a low Lc implies a high surface area. The least Lc
value was obtained in the SP-KOH sample, indicating the

specific surface area was predicted to reach 1182.23 m2 g�1,

while the SP-ZnCl2 and SP-NaOH counterparts were

1058.58 m2 g�1 and 597.78 m2 g�1, respectively. Table 1 pre-

sents the detailed summary of the SSAXRD properties for the

three samples. These properties are required to improve the

electrode material's electrochemical properties for electro-

chemical energy storage applications.

The coin-like activated carbon's morphological structure

was evaluated using scanning electron microscopy. Fig. 3

shows the SEM image for the chemically impregnated green

shallot-based activated carbon samples of KOH, ZnCl2, and

NaOH. According to the diagram, the samples retained the

basic structure of the biomass-based precursors, and exhibi-

ted the morphology as well as structure of nanospheres and

nanofibers, with relatively varied sizes, mainly due to the

difference in the activating chemical agents. In the carbon-

ization and high-temperature activation processes, the

chemical reagent dehydrates and degrades the complex

lignocellulosic compounds with the ability to reveal unique

structures and morphology on the sample [42]. The Lignin

component contributes to the appearance of tubular struc-

tures and is speculated to present nanospheres on porous

carbon-based biomass [42]. Meanwhile, the cellulose degraded

due to high temperature contributes to the nanofiber structure

[43]. Fig. 3a shows the KOH impregnated samples displayed a

distinct surface morphology rich in nanospheres dotted with

nanofibers. The nanosphere's diameter ranges from 102 nm to

124 nm,while the fiber diameter ranges from 135 to 370 nm. In

the selected magnification area, the nanospheres are seen to

adhere to almost all the fiber surfaces, and are closely inter-

related, initiating hierarchically connected pore channels

while minimizing agglomeration, and consequently, ensuring

more effective ion contact sites and charge transport path-

ways for electrochemical energy storage [24]. Fig. 3b shows the

ZnCl2 impregnated sample, confirming the rod-like morpho-

logical structure with a diameter of 362e882 nm and a pre-

dominant clump of carbon blocks. The nanofibers with a

diameter of 168e196 nm were also confirmed to be clear in

relatively small amounts, compared to the SP-KOH samples,

while the nanospheres with a diameter of 161e128 nm, were

confirmed to adhere to the fiber's surfaces, although in rela-

tively small amounts. In addition, the activation of ZnCl2 is

speculated to be able to reduce the structure of nanospheres

and nanofibers. At pyrolysis temperatures of >500 �C, ZnCl2
reacts with the carbonmatrix framework to produce oxidative

compounds [44]. Numerous functional groups containing ox-

ygen in the nano-spherical structure are evaporated by ZnCl2
in the form of H2O and CO, consequently, reducing the num-

ber of nanospheres on the sample's surface morphology [45].

Furthermore, the byproduct of the chemical reaction in the

https://doi.org/10.1016/j.jmrt.2021.09.025
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Table 1 e The interlayer spacing, dimension microcrystalline and specific surface area of coinlike porous carbon
nanosphere.

Samples 2q002 (�) 2q100 (�) d002 (�A) d100 (�A) Lc (�A) La (�A) SSAXRD

SP-KOH 25.453 44.260 3.596 2.044 8.042 49.177 1182.23

SP-ZnCl2 24.241 43.499 3.668 2.078 9.161 16.707 1058.58

SP-NaOH 23.431 42.037 3.499 2.147 15.482 39.858 597.78
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form of ZnO simultaneously erodes the carbon sphere, pro-

ducing mostly micropores in the nano-spherical structure.

However, this is able to simultaneously cause the collapse of

large carbon nanospheres to form carbon blocks, and causes a

smaller diameter in the nanofiber structure, compared to the

SP-KOH sample. This structure has the capacity to increase

the electrode material's conductivity and improve the super-

capacitor's capacitive properties [46].

Fig. 3c shows the SP-NaOH sample's morphology with

relatively confirmed short nanofiber structures of 78e250 nm

diameter, as well as a unique flower-like structure. In the

selected magnification area, the SP-NaOH sample exhibits a

sheet structure with a thickness of 26e56 nm. The NaOH re-

action at high-temperature pyrolysis is able to maintain the
Fig. 3 e SEM image of (a) SP-KOH,
basic structure of the cellulose precursor, Na2CO3 as the re-

action's first product, to initiate the formation of oxidative

compounds NaO2 by evaporating CO and H2O compounds [47].

This is able to decompose the lignocellulosicmaterial's carbon
framework andmaintain the structure of the fibers and sheets

in the sample [48]. Also, this combination of structures has

greatly contributed to discovering the ideal material for high-

performance supercapacitor electrodes [49].

Table 2 presents a detailed summary of the elemental

status of shallot peel-based activated carbon with different

chemical impregnations. Generally, the three samples

confirmed carbon had the highest elemental percentage of

about 77.71%e90.11%. This showed chemical impregnation at

high-temperature pyrolysis in N2 and CO2 environments
(b) SP-ZnCl2, dan (c) SP-NaOH.

https://doi.org/10.1016/j.jmrt.2021.09.025
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Table 2 e Elemental analysis of coinlike porous carbon
nanosphere.

Samples Element analysis

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

SP-KOH 77.71 18.60 1.04 1.91 0.51 0.23

SP-ZnCl2 69.18 24.74 0.91 4.83 0.29 0.05

SP-NaOH 90.11 8.57 0.41 0.62 0.26 0.03

Fig. 4 e CV voltammogram of SP-KOH, SP-ZnCl2, and SP-

NaOH at scan rate of 1 mV s¡1.
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successfully converted biomass precursors into high purity

carbon. The SP-NaOH sample produced the highest carbon of

90.11% followed by the SP-KOH sample, and SP-ZnCl2 77.71%

and 69.11%, respectively. Therefore, the provision of electron

and ion charge active surface sites to form a high electro-

chemical double-layer is highly beneficial. Meanwhile, oxygen

had the second-highest elemental percentages ranging from

18.60% to 24.74%. This indicates the presence of oxidative

compounds, for instance, CaO/CaCO3, MgO, and SiO2 in all

samples. These results are confirmed to be the same as the

previously discussed XRD pattern analysis. This elemental

oxygen tends to provide wettability properties for ions to

diffuse at the electrode/electrolyte interface [50]. Also, other

contaminants including Mg, Ca, Si, and K are present in

oxidative compounds in relativelyminute amounts, due to the

basic biomass components partially decomposed during the

high-temperature pyrolysis process [51].

3.2. Electrochemical behavior analysis

The electrochemical properties of supercapacitor cells were

confirmed through cyclic voltammetry and galvanostatic

chargeedischarge techniques in a two-electrode configura-

tion system. Supercapacitor cells were prepared in the form of

a sandwich layer with activated carbon in a coin-like design,

without the addition of adhesives, including PVP or PFDV. The

electrolyte selected was aqueous electrolyte 1M H2SO4, while

the organic separator used was derived from duck eggshell

membrane. Fig. 4 shows the cyclic voltammetry profiles for all

three samples evaluated at a scan rate of 1 mVs�1. The image

shows a distorted rectangular shape indicating the relatively

ideal electrochemical double-layer properties of porous

carbon-based biomass [52]. Furthermore, the high oxygen

content of 24.70% contributed to the sample's wettability, and

this possibly exerted a pseudocapacitance effect on the sam-

ple [53]. This profile has not been completely confirmed,

however, this is faintly visible in the SP-KOH sample, where a

slight surge current density in the voltage range of 0.2e0.6V

occurred. The area sweep of the closed hysteresis loop also

confirmed the electrode material's capacitive behavior, where

the largest hysteresis loop was found in the SP-KOH samples

and exhibited the highest capacitive property, followed by SP-

ZnCl2 and SP-NaOH. Based on standard equation, the SP-KOH,

SP-ZnCl2, and SP-NaOH samples had specific capacitances of

151, 116, and 91 Fg-1, respectively.

The thin diameter nano-spherical structure allows the

carbon matrix framework to exhibit a high specific surface

area of 1182.23 m2g-1 and a variety of pore structures in the

<50 nm size range, therefore, enabling rich micropores and

mesopores in activated carbon [24]. The high surface area
initiated by the micropores structure contributes to the pro-

vision of an active site for the charge diffusion of the elec-

trolyte ions on the electrode surface [20]. In addition, the

mesopores confirm the larger charge-carrying channel and

consequently, low internal resistance. This combination

significantly increases the electrode material's specific

capacitance as shown in the SP-KOH sample, while the

nanofibers structure is responsible for the high conductivity

[54]. The electrodes' performances were also evaluated

through differences in scanning rates. Fig. 5aec shows the SP-

KOH, SP-ZnCl2, and SP-NaOH samples displayed CV curves at

scan rates of 1, 2, and 5 mV s�1. The CV profile also forms a

distorted rectangular curve indicating normal EDLC behavior,

and a quicker saturation rate. The application of the scanning

rate also significantly affects the carbon electrode's capacitive

properties. According to Fig. 5d, the specific capacitance is

reduced at lower scan rates to 10 mVs�1, confirming the un-

controlled pore structure hindering the transport of electro-

lyte ions on the electrode surface. SP-ZnCl2 does not possess

the highest capacitive properties as well as specific surface

area, however, the sample is able to maintain the highest

specific capacitance of about 67.4% at a high scanning rate of

10 mVs�1. This is due to the presence of a nanofiber structure

contributing to increased conductivity, and consequently

maintain the electrochemical properties [54].

Fig. 6 shows all samples exhibited a perturbed isosceles

triangular GCD profile at a constant current density of 1.0

Ag�1, confirming the normal double-layer electrochemical

properties, and this is consistent with the CV curve shown in

Fig. 4. Also, the iR drop was found to be insignificantly indic-

ative of relatively low resistance in the electrodematerial. The

charging and discharging times in the GCDprofile significantly

confirm the supercapacitor cell's performance, with the

longest discharge time obtained in SP-KOH samples, indi-

cating the highest capacitive properties, followed by SP-ZnCl2
and SP-NaOH samples. Based on standard forlmula, the spe-

cific capacitances obtained for SP-KOH, SP-ZnCl2, and SP-

NaOH samples are 170.12, 127.4, as well as 79.2 Fg-1, respec-

tively, and these values correspond to the data obtained from

the CV technique.
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Fig. 5 e CV voltammogram at different scan rate of (a) SP-KOH, (b) SP-ZnCl2, (c) SP-NaOH, and (d) specific capacitance vs. scan

rate.
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In addition, SP-KOH has superior material properties

compared to the other two samples, especially the

morphology and structure of thin nanospheres followed by

nanofiberswith higher specific surface area. This combination

of nano-sized structures allows the formation of diverse

pores, therefore, imparting high microporosity as well as

mesoporosity properties in the sample, and this leads to a

high surface area and larger ion diffusion pathway, conse-

quently, improving the supercapacitor's performance [55]. In

this study, the presence of thin diameter nanospheres in SP-

KOH samples resulted in the relatively higher internal
Fig. 6 e GCD profile of SP-KOH, SP-ZnCl2, and SP-NaOH at

current density of 1.0 A g¡1.
resistance of 31 mU, compared to the SP-ZnCl2 and SP-NaOH

counterparts of 22 mU and 10 mU, respectively. The pres-

ence of thin diameter nanospheres allows a more dominant

distribution of small pores and provides more electron/ion

active sites at the electrolyte/electrode interface [23,26].

However, this in turn often significantly narrows the ionic

charges'migration path, consequently, increasing the internal

resistance. In contrast to the SP-NaOH samples, the presence

of a nanosheet structure is able to shorten the ions' migration

path significantly, therefore, enabling free diffusion without

interference at the electrolyte/electrode interface, while
Fig. 7 e Ragone plot of energy specific and power density of

coinlike porous carbon nanosphere.
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Table 3 e Comparison of electrochemical properties of various sources of electrode materials.

Sources Structures SSA
(m2 g�1)

Electrode type Csp

(F g�1)
Electrolyte E

(Wh kg�1)
P

(W kg�1)
R
(U)

refs

Reed rod Nanosphere 1792 powder 198.6 6 M KOH 3.5 20k 0.29 [26]

Glucose Nanosphere 1210 Powder 282 6 M KOH 8.5 250 1.04 [22]

Pyrrole-based Nanosphere 1347 Powder 395 6 M KOH e e 0.77 [23]

Nickel and Cobalt MOF-derived Microsphere 1135 Powder 1214 2 M KOH 55.4 758.5 0.93 [25]

Quinone-amine polymer Nanosphere 2671.2 Powder 273.9 6 M KOH 8.0 80.3 e [24]

American poplar fruit Tubular-like 942 Coin-type 58.71 6 M KOH 7.99 372 1.97 [56]

Cassava petiole Rod-like 759.81 Monolith 193.68 1 M H2SO4 26.90 96.94 e [39]

Shallot peel Nanosphere 1182.2 Coinlike 170.12 1 M H2SO4 16.67 86.40 0.031 This work
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producing the least internal resistance, as reported in previ-

ous studies [49].

The specific energy and specific power of the shallot peel-

based activated carbon were evaluated using standard equa-

tions (Fig. 7). The Ragone plot shows the highest specific en-

ergy of 16.67 Whkg�1 found in the SP-KOH sample with a

maximum specific power of 86.40 Wkg-1 at a constant current

density of 1.0 Ag�1, followed by SP-ZnCl2 and SP-NaOH sam-

ples with specific energies of 12.64 and 8.82 Whkg�1 at the

maximum specific power of 73.96 and 71.07 Wkg-1, respec-

tively. According to Table 3, the maximum specific energy

obtained in this study is considerably greater, compared to

other reports where relatively complex methods requiring

synthetic base materials were used.
4. Conclusion

Biomass waste of shallot peel-based activated carbon nano-

spheres was successfully prepared using a solid coin-like

design and impregnation with different chemicals at high-

temperature pyrolysis. Furthermore, three chemical acti-

vating agents were selected to maximize the precursors' po-
tential to produce nano-sized structures. All samples were

confirmed to possess relatively adequate amorphous proper-

ties for biomass-based porous carbon. Each activator signifi-

cantly produces different nanostructures including

nanospheres, followed by nanofibers and nanosheets. SP-KOH

exhibits a morphological structure rich in thin nanospheres

adhering tightly to the nanofiber surface, while SP-ZnCl2
consistently displays nanofiber morphology with reduced

nanospheres. Interestingly, SP-NaOH provides a favorable

nanosheet structure to reduce the electrode material's resis-

tance. The combination of these nanostructural properties is

able to increase the material's specific capacitance by

170.12 F g�1 in the 1MH2SO4 electrolyte. These results confirm

the solid coin-like design of the activated carbon of the onion

peel is a remarkable innovation to obtain high-performance

electrode materials for energy storage applications.
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