
 

©Author(s) | DOI: 10.31258/jkfi.21.3.187-196 187 

 

Indonesian Physics Communication 
Vol. 21 | No. 3 

November 2024 

Department of Physics, Universitas Riau, Pekanbaru, Indonesia 

p-ISSN 1412-2960 | e-ISSN 2579-521X 

Web: https://kfi.ejournal.unri.ac.id 

E-mail: kfi@ejournal.unri.ac.id 

 

Harnessing multi-doping porous carbon from Musa paradisiaca L. peel 

waste for solid-state supercapacitors 

Cenora Evelynza Purba
1
, Nursyafni Nursyafni

1
, Apriwandi Apriwandi

1
, 

Pharada Kresna
2
, Julnaidi

3
, Muhammad Nasir

4
, Rakhmawati Farma

1
, Rahmi Dewi

1
, 

Awaludin Martin
5
, Lilik Tri Hardanto

6
, Rika Taslim

7
, Erman Taer

1,
* 

1
Department of Physics, Universitas Riau, Pekanbaru 28293, Indonesia 
2
State Junior High School 1 Tapung Hulu, Kampar 28464, Indonesia 

3
Department of Mechanical Engineering, Pekanbaru College of Technology, Pekanbaru 28125, Indonesia 

4
Department of Physics Education, Universitas Riau, Pekanbaru 28293, Indonesia 

5
Department of Mechanical Engineering, Universitas Riau, Pekanbaru 28293, Indonesia 

6
AspenTech, Jakarta 12190, Indonesia 

7
Department of Industrial Engineering, UIN Sultan Syarif Kasim, Pekanbaru 28293, Indonesia 

*Corresponding author: erman.taer@lecturer.unri.ac.id 

ABSTRACT 

The demand for low-cost carbons with multi-doping in supercapacitors has led to a significant 

focus on utilizing biomass waste to produce activated carbons. The research successfully utilized 

Musa paradisiaca L. (MPL) peel as a porous carbon for solid-state supercapacitor. The process 

involved collecting banana peel waste, drying the peels using sunlight, pre-carbonization using a 

furnace, pH neutralization, drying, crushing carbon particles, and ensuring uniform particle size. 

Different concentrations of the catalytic ZnCl2 solution (300, 500, and 700 mmol/g) were selected 

to optimize physical and electrochemical properties. The resulting chemically activated MPL 

carbon powder was evaluated using SEM-EDS, XRD, and BET. MPL activated carbon with a 500 

mmol/g solution of ZnCl2 was found to have optimal physical properties with a carbon percentage 

of 81.65%, oxygen 17.39%, phosphorus 0.42%, and boron 0.52%. Electrochemical properties were 

evaluated using dual-electrode system was exhibited the highest specific capacitance of 67 F/g. 

These findings demonstrate the potential of MPL peel waste as a high quality electrode for 

supercapaicor next-generation. 
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INTRODUCTION 

Electrical energy has become a fundamental 

necessity for people worldwide and has 

significantly impacted almost every aspect of 

life. In Indonesia, the reliance on fossil fuels 

like oil, coal, and natural gas for electrical 

energy has led to air pollution, affecting the 

quality of life and public health [1]. The 

country's energy demand continues to rise due 

to economic activities in the industrial, 

transportation, commercial, and household 

sectors. This escalating energy requirement has 

prompted the exploration of various alternative 

energy sources to address the national energy 

crisis. Renewable energy sources such as solar 

and wind can generate electrical energy, but 

their effective use depends on efficient energy 

storage [2].  

Supercapacitors are promising electrical 

energy storage technologies for the future. 

Supercapacitors are widely used in various 

applications such as in vehicles, trains, 

electronics, and in telecommunications. This 

technology offers energy storage with high 

power density and a long life cycle [3]. This is 

because supercapacitors store energy 

electrostatically through the absorption of 

electrolyte ions at the electrolyte electrode 

interface [4]. This non-faradaic process 

produces high power density but low energy 

density. Furthermore, its long life cycle occurs 

because supercapacitors do not experience 

significant degradation as occurs in 
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conventional batteries [5]. Among the 

components of supercapacitors, the selection of 

electrode materials is very important in 

improving their performance. Carbon materials 

have been widely studied as supercapacitor 

electrode materials because they have superior 

electrical conductivity, good chemical stability, 

and high surface area. However, carbon 

materials mostly come from fossil fuels whose 

application in the future industrial sector is 

limited due to their high cost, non-renewable 

sources, complicated synthesis, and 

environmental pollution. Thus, it is important to 

find carbon materials that are low-cost, easy to 

synthesize, and environmentally friendly. 

Biomass-based carbon materials have 

attracted much attention due to their low cost, 

sustainability, and wide availability in nature 

[6]. Several biomass materials that have been 

utilized such as coconut shells have been 

successfully used as carbon sources with high 

carbon content and have O, N, and B doping 

[7]. Furthermore, hemp biomass has been 

successfully used as activated carbon material 

through high-temperature pyrolysis and 

chemical activation using KOH [8]. Garlic peel 

waste has been successfully used as porous 

activated carbon with the addition of melamine 

dopant and KHCO3 activator selected as 

activator material [9]. In addition, other 

biomass materials that have also been 

successfully used as activated carbon are 

soybean straw [10], hazelnuts [11], and bamboo 

[12]. However, the methods used in these 

studies limit their large-scale application due to 

their complicated synthesis, longer time, and 

high cost [13]. Therefore, an easier, simpler, 

lower cost, and more time-saving method is 

needed. 

On the other hand, bananas are one of 

Indonesia's plantation products that are 

produced in large quantities every year. Based 

on data from the Central Statistics Agency, 

another part of the banana that can also be used 

is the peel which contains 14.4% cellulose. In 

recent years, banana peels have been widely 

studied for use as absorbent materials (activated 

carbon). In more detail, Musa paradisiaca L. 

(MPL) peels contain 43.7% carbon elements 

consisting of cellulose, hemicellulose, 

chlorophyll pigments, and pectin substances so 

that they support the production of activated 

carbon as a supercapacitor electrode material. 

These components support the potential of 

MPL peels to be used as activated carbon with a 

high degree of crystallinity so that the activated 

carbon obtained can be applied to 

supercapacitors. MPL peels are synthesized 

with easy and cost-effective preparation, 

starting with the drying process, pre-

carbonization using a furnace, chemical 

activation, and high-temperature pyrolysis. 

Chemical activation was carried out using a 

ZnCl2 activator with varying concentrations of 

300, 500, and 700 mmol/g. The electrochemical 

performance of the MPL peels-activated carbon 

produced was tested using a two-electrode 

configuration, showing a specific capacitance 

of 67.14 F/g, with an energy density of 9.325 

Wh/kg and a power density of 33.60 W/kg. The 

results of this study indicate that MPL peels 

waste can be used as an activated carbon 

material for supercapacitor electrodes. 

MATERIALS AND METHODS 

The MPL peel was cut into small pieces and 

then dried in the sun to reduce its water content. 

Furthermore, the pre-carbonization process was 

carried out on 5 kg of MPL peel samples in one 

burning using a furnace. The samples that had 

gone through the pre-carbonization process 

were then soaked in distilled water (equivalent) 

until pH = 7, then the samples were dried in the 

sun. Furthermore, the sample refinement 

process was carried out using a mortar and ball 

milling tool. The sample was first ground until 

smooth using a mortar, then the sample was put 

into a vial for the ball milling process for 

approximately 24 hours. The sample was sieved 

using a sieve measuring ≤ 60 µm to obtain 

uniform results. 

Next, chemical activation was carried out 

using ZnCl2 activator. The ratio of activator and 

carbon is 1 : 5, namely 30 grams of sample was 

inserted, then 150 ml of distilled water was 
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used. The first stage in this chemical activation 

is to dissolve the ZnCl2 activator into 150 ml of 

distilled water using a hot plate stirrer for 1 

hour at 80°C. The MPL peel carbon sample was 

inserted into the activator mixture and stirred 

using a magnetic stirrer for 2 hours at 80°C, 

then dried using an oven. The dried sample was 

ground until smooth and then sieved using a 60 

µm sieve. The MPL peel carbon sample was 

pyrolyzed at high temperature using a furnace. 

Furthermore, the sample was neutralized again 

so that the remaining combustion powder did 

not mix with the activated carbon sample. 

The degree of crystallinity of MPL was 

evaluated using X-ray diffraction (XRD) in the 

angle range (2θ) 10° – 60° with a Shimadzu 

type MAXima_X XRD 7000. The surface 

morphology of MPL was observed using a 

scanning electron microscope (SEM) at 

magnifications of 5000× and 15000× and the 

elemental composition of MPL was evaluated 

through energy dispersive spectroscopy (EDS) 

using a Jeol JSM-IT200 instrument. The 

porosity properties of MPL were evaluated 

using a Quantachrome Nova 4200e instrument 

to determine the specific surface area and pore 

size distribution through the Brunauer–

Emmett–Teller (BET) method. The 

electrochemical performance of the 

supercapacitor cell was evaluated using cyclic 

voltammetry (CV) and galvanostatic charge 

discharge (GCD) in a two-electrode system. 

Previously, the MPL-activated carbon powder 

sample was molded using a hydraulic press in 

the form of a monolithic coin and additional 

materials. The molded sample was then 

polished with a diameter and thickness of 8 mm 

and 0.2 mm, respectively, and immersed in 1 M 

H2SO4 electrolyte. The CV method at a 

maximum voltage window of up to 1 V used a 

CV UR Rad-ER 5841 physics instrument. The 

GCD method was carried out at a current 

density of 1 A/g using a CD UR Red-ER 2018.  

RESULTS AND DISCUSSION 

The samples of activated carbon from 

banana peel based on the influence of different 

concentrations of activators MPL-300, MPL-

500, and MPL-700 showed XRD patterns in the 

form of two gentle peaks and several sharp 

peaks [14]. The MPL-300, MPL-500, and 

MPL-700 samples had peaks related to each 

scattering plane, where on the (002) and (100) 

planes in the range of 22.987°, 23.241°, 23.195° 

and 44.968°, 44.734°, 43.130°. The reflection 

angles on the hkl 002 and 100 planes indicate 

that the activated carbon samples based on 

banana peel have an amorphous structure. 

 

 
Figure 1. XRD pattern of MPL peels sample. 

 

Table 1. Carbon lattice parameters of MPL peels. 

Sample code 
2θ002 

(°) 

2θ100 

(°) 

d002 

(Å) 

d100 

(Å) 

Lc 

(Å) 

La 

(Å) 

MPL-300 22.987 44.968 3.865 2.014 8.271 6.799 

MPL-500 23.241 44.734 3.824 2.024 8.650 22.766 

MPL-700 23.195 43.130 3.831 2.095 10.933 2.320 

 

The data presented in Table 1 shows the 

lattice parameters that provide information on 

the shift of the 2θ angle that causes changes in 

the value of the microcrystalline layer in each 

sample. Giving the concentration of ZnCl2 to 

the MPL peel sample from 300 to 700 mmol/g 

can increase the height value of the 

microcrystalline layer (Lc) from 8.271 to 
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10.933 Å. Then, a small Lc value indicates a 

larger specific surface area [15]. More details 

are discussed in the N2 gas absorption analysis. 

The pore characteristics of MPL were 

investigated through nitrogen 

adsorption/desorption measurements shown in 

Figures 2 (a) and (b). The isotherm curves 

between relative pressure (P/P0) and STP 

volume (cm
3
/g) where the relationship is in 

accordance with the IV isotherm based on the 

IUPAC classification. The hysteresis loops 

show varying shapes related to capillary 

condensation in the mesoporous layer 

depending on the concentration ratio of the 

activating agent and the synthesis form used 

[16]. The combination of macropores, 

mesopores, and micropores can support 

electrolytes to shorten the ion diffusion distance 

and facilitate rapid ion transfer. This type of 

curve forms micropores and mesopores which 

simultaneously contribute to the enhancement 

of the electrochemical double layer capacitance 

(EDLC) and improve the accessibility of high 

power density of supercapacitor devices. 

 

 
Figure 2. (a) N2 gas absorption profile of activated carbon material, and (b) pore diameter vs 

cumulative volume of MPL peel samples. 

 

The specific surface area of carbon 

electrodes MPL-300, MPL-500, and MPL-700 

can be calculated by the BET method with 

values of 411.311 m
2
/g, 378.786 m

2
/g, and 

266.822 m
2
/g

 
with total pores of MPL-300, 

MPL-500, and MPL-700 of 0.149 cm
2
/g, 0.136 

cm
2
/g, and 0.090 cm

2
/g

 
respectively. These 

results indicate that MPL-300 has the highest 

specific surface area of 411.311 m
2
/g. However, 

high surface area is not always a determining 

factor in increasing the specific capacitance 

value of carbon electrodes. This is because the 

higher surface area of MPL-300 can reduce the 

active properties of carbon which will cause 

brittle properties on the electrode, which can 

inhibit electrochemical properties [17]. 

The surface morphology of banana peel 

from all concentration variations is illustrated in 

Figure 3. Figures 3 (a) and 3 (b) show the 

morphology of MPL-300 samples at 5000x and 

15000x magnifications. The MPL-300 sample 

displays a surface dominated by particle chunks 

and carbon aggregates in the size range of 291 – 

612 nm at 5000x magnification and 130 – 353 

nm at 15000x magnification. Figures 3 (c) and 

(d) show the morphology of MPL-500 samples 

at 5000x magnification with a size range of 361 

– 1519 nm and at 15000x magnification the size 

range is 213 – 770 nm. The addition of a 

chemical activator of 500 mmol/g ZnCl2 

resulted in a relatively larger aggregate surface 

size. Figures 3 (e) and (f) with the MPL-700 

sample show the morphology at 5000x 

magnification with a size range of 188 – 800 

nm and 116 – 465 nm at 15000x magnification. 

The elemental content for the three 

electrodes was evaluated through EDS. The 

results of the EDS characterization for the 

MPL-300, MPL-500, and MPL-700 samples 

were in the form of percentages of the 

constituent elements of the banana peel carbon 

electrode shown in Table 2. 
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Figure 3. SEM images carbon of peels (a) MPL-300 magnification 5000x, (b) MPL-300 

magnification 15,000x, (c) MPL-500 magnification 5,000x, (d) MPL-500 magnification 15,000x, (e) 

MPL-700 magnification 5,000x, (f) MPL-700 magnification 15,000x. 

 

Table 2. Percentage content of elements in 

MPL peel samples. 

Sample code 
Percentage of elements (%) 

C O P B 

MPL-300 90.32 9.59 0.09 - 

MPL-500 88.74 10.38 0.22 0.66 

MPL-700 86.79 13.06 0.15 - 

Based on Table 2, it can be seen that the 

composition of the elements of the banana peel 

carbon electrode is carbon (C), oxygen (O), 

phosphorus (P), boron (B), and nitrogen (N). 

The elements of the banana peel content are 

dominated by carbon content with a percentage 

of 86.79% – 90.32%. The percentage of oxygen 
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content in MPL-300, MPL-500, and MPL-700 

are 0.59%, 10.38%, and 13.06% respectively. 

The percentage of phosphorus content in the 

MPL-300, MPL-500, and MPL-700 samples is 

0.09%, 0.22%, 0.15%, followed by the boron 

content in MPL-500 which is 0.66%, in the 

MPL-300, MPL-500, and MPL-700 samples 

there is no nitrogen content. 

In this case, oxygen is one of the 

heteroatoms and self-doping elements which is 

a contribution from the basic elements of 

biomass waste [18]. The high O element 

significantly presents an increase in the 

wettability and hydrophilicity features of the 

material which dramatically encourages 

electrolyte infiltration which causes faradaic 

redox reactions in the electrode material [19]. 

Phosphorus, boron, and nitrogen are natural 

dopings that can produce pseudocapacitor 

properties which means it is possible to achieve 

higher specific capacitance and energy density 

in supercapacitor electrochemical testing [20]. 

 

 
Figure 4. CV curve of MPL peel sample. 

 

The electrochemical properties of activated 

carbon from supercapacitor electrodes were 

measured through CV shown in Figure 4. The 

results of the CV measurement are in the form 

of a curve with a distorted rectangular shape 

indicating that the supercapacitor has normal 

EDLC properties [21]. The area of the curve 

formed between the charge current (Ic) and the 

discharge current (Id) indicates the specific 

capacitance value produced by the carbon 

electrode. The larger the area of the curve 

formed, the greater the specific capacitance 

value produced [22]. CV testing was carried out 

with a constant scan rate of 1 mV/s. CV testing 

on MPL peel carbon electrodes using H2SO4 

electrolyte solution as a source of ion charge. 

The MPL-300 and MPL-700 samples have 

the smallest CV curve area compared to the 

MPL-500 sample which has the largest curve 

area. These results indicate that the MPL-500 

sample has the highest specific capacitance 

value and the largest curve so it has the ability 

to store the largest electrochemical energy 

among other samples. The concentration of 

MPL-300 can produce a specific capacitance 

value of 22.06 F/g. The addition of the 

concentration of ZnCl2 activator to 500 mmol/g 

can significantly increase the specific 

capacitance value to 67.14 F/g with an energy 

density of 9.325 Wh/kg and a power density of 

33.60 W/kg. The addition of the activator 

concentration reaching 700 mmol/g can reduce 

the specific capacitance value to 60.21 F/g 

because the addition of higher concentrations 

can reduce the physical properties of the 

electrode such as carbon content. This shows 

that 500 mmol/g has the optimum specific 

capacitance value. 

 

 
Figure 5. Specific capacitance curve versus 

scan rate. 
 

Furthermore, the specific capacitance at 

higher scan rates is shown in Figure 5. From the 

figure, it can be seen that the specific 

capacitance decreases with the high scan rate 

given. This is because at high scan rates, the 

electrolyte ions do not have enough time to 

enter the pores of the electrode [23]. 
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Figure 6. GCD curve of MPL peel sample. 

 

More detailed electrochemical properties 

analysis evaluated through GCD can be seen in 

Figure 6. All samples show isosceles triangle 

curves indicating normal double-layer 

electrochemical properties [24]. The MPL-500 

sample shows the longest charge-discharge 

measurement time which is marked by a larger 

isosceles triangle curve shape compared to the 

MPL-300 and MPL-700 samples. This proves 

that the MPL-500 sample has very good 

electrochemical properties resulting in a 

relatively higher specific capacitance value 

compared to the MPL-300 and MPL-700 

samples. This is in accordance with the CV 

measurements which are also confirmed by the 

SEM results where the MPL-500 displays the 

sample morphology at 5000x magnification 

with a size range of 361 – 1519 nm and at 

15000x magnification the size range is 213 – 

770 nm. The administration of a chemical 

activator of 500 mmol/g ZnCl2 produces a 

relatively larger aggregate surface size. In EDS, 

the addition of 500 mmol/g ZnCl2 activator 

concentration can increase the percentage of 

carbon elements to 81.65%. 

 

Table 3. Comparison of specific capacitance values of several biomasses 

Biomass Activator Csp (F/g) References 

Ricinus communis shell KOH 85 [25] 

Palm waste CaCl2 137 [26] 

Kapok KOH 31.9 [27] 

Sechium edule leaves KOH 114 [28] 

Orange peel KOH 144 [29] 

MPL-500 ZnCl2 67.14 In this study 

 

Table 3 shows a comparison of several 

specific capacitance values of several biomass 

with the addition of several chemical activators. 

Activated carbon made from MPL peels 

chemically activated using ZnCl2 has the 

potential to be used as a supercapacitor cell 

electrode. 

CONCLUSION 

Multidoped carbon O, N, P, and B based on 

Musa paradisiaca L. peel waste has been 

successfully prepared using variations in ZnCl2 

activator concentrations of 300 mmol/g, 500 

mmol/g
 
and 700 mmol/g. The activated carbon 

obtained has a high carbon content and a good 

amorphous structure. MPL-500 activated 

carbon has optimal physical properties with a 

carbon content of 81.65%, oxygen 17.39%, 

phosphorus 0.42%, and boron 0.52%. 

Electrochemical performance was evaluated 

using 1 M H2SO4 electrolyte with a two-

electrode system. The highest specific 

capacitance produced reached 67 F/g with an 

energy density of 9.325 Wh/kg and a power 

density of 33.60 W/kg. Furthermore, this study 

shows the use of MPL peel waste as a porous 

carbon-based material to be used as a 

supercapacitor electrode. Therefore, this 

research can be a reference for obtaining 

biomass-based porous carbon with 

environmentally friendly synthesis for 

supercapacitor energy storage devices. 

 

ACKNOWLEDGMENTS 

This research is financially supported by the 

first-year project of the Fostered Village 

Program (PDB) at the Institute for Research and 

Community Service, the University of Riau 



 

 Harnessing multi-doping porous carbon from Musa paradisiaca L. ... (Purba et al.) 194 

with the title "Solid biomass waste processing 

based on smoke-free and environmentally 

friendly technology for carbon production in 

Sumber Sari Village, Tapung Hulu District, 

Kampar Regency" with contract number of 

1007/UN19.5.1.3/AL.04/2024. 

 

REFERENCES 

 

1. Pambudi, N. A., Firdaus, R. A., Rizkiana, 

R., Ulfa, D. K., Salsabila, M. S., Suharno, 

& Sukatiman. (2023). Renewable energy 

in Indonesia: Current status, potential, and 

future development. Sustainability, 15(3), 

2342. 

2. Sun, J., Liu, C., Song, X., Zhang, J., Liu, 

Y., Liang, L., Jiang, R., & Yuan, C. 

(2022). Electrochemical energy storage 

devices under particular service 

environments: Achievements, challenges, 

and perspective. Applied Physics Reviews, 

9(3). 

3. Zhang, J., Gu, M., & Chen, X. (2023). 

Supercapacitors for renewable energy 

applications: A review. Micro and Nano 

Engineering, 100229. 

4. Samantaray, S., Mohanty, D., Hung, I. M., 

Moniruzzaman, M., & Satpathy, S. K. 

(2023). Unleashing recent electrolyte 

materials for next-generation 

supercapacitor applications: a 

comprehensive review. Journal of Energy 

Storage, 72, 108352. 

5. Lakshmi, K. S., & Vedhanarayanan, B. 

(2023). High-performance supercapacitors: 

A comprehensive review on paradigm shift 

of conventional energy storage devices. 

Batteries, 9(4), 202. 

6. Soffian, M. S., Halim, F. Z. A., Aziz, F., 

Rahman, M. A., Amin, M. A. M., & Chee, 

D. N. A. (2022). Carbon-based material 

derived from biomass waste for 

wastewater treatment. Environmental 

Advances, 9, 100259. 

7. Zhang, D., Zhan, X., Zhou, T., Du, J., Zou, 

K., & Luo, Y. (2024). N/B co-doped 

porous carbon with superior specific 

surface area derived from activation of 

biomass waste by novel deep eutectic 

solvents for Zn-ion hybrid supercapacitors. 

Journal of Materials Science and 

Technology, 193, 22–28. 

8. Tekin, B. & Topcu, Y. (2024). Novel hemp 

biomass-derived activated carbon as 

cathode material for aqueous zinc-ion 

hybrid supercapacitors: Synthesis, 

characterization, and electrochemical 

performance. Journal of Energy Storage, 

77, 109879. 

9. Liu, S., Dong, K., Guo, F., Wang, J., Tang, 

B., Kong, L., Zhao, N., Hou, Y., Chang, J., 

& Li, H. (2024). Facile and green synthesis 

of biomass-derived N, O-doped 

hierarchical porous carbons for high-

performance supercapacitor application. 

Journal of Analytical and Applied 

Pyrolysis, 177, 106278. 

10. Li, Y., Kong, C., Du, Z., Zhang, J., Qin, 

X., Zhang, J., Li, C., Jin, Y., & Wang, S. 

(2024). Oxygen-rich hierarchical porous 

carbon nanosheets derived from the 

KOH/KNO3 co-activation treatment of 

soybean straw for high-performance 

supercapacitors. Energy Advances, 3(4), 

904–915. 

11. Li, H., Ma, Y., Wang, Y., Li, C., Bai, Q., 

Shen, Y., & Uyama, H. (2024). Nitrogen 

enriched high specific surface area 

biomass porous carbon: A promising 

electrode material for supercapacitors. 

Renewable Energy, 224, 120144. 

12. Yue, W., Yu, Z., Zhang, X., Liu, H., He, 

T., & Ma, X. (2024). Green activation 

method and natural N/O/S co-doped 

strategy to prepare biomass-derived graded 

porous carbon for supercapacitors. Journal 

of Analytical and Applied Pyrolysis, 178, 

106409. 

13. Abolore, R. S., Jaiswal, S., & Jaiswal, A. 

K. (2023). Green and sustainable 

pretreatment methods for cellulose 

extraction from lignocellulosic biomass 

and its applications: A review. 

Carbohydrate Polymer Technologies and 

Applications, 100396. 



Indonesian Physics Communication, 21(3), 2024 195 

14. Hegde, S. S. & Bhat, B. R. (2024). 

Biomass waste-derived porous graphitic 

carbon for high-performance 

supercapacitors. Journal of Energy 

Storage, 76, 109818. 

15. Xiong, S., Zhao, X., Lv, F., Zhang, W., 

Yang, N., Zhang, Y., Wang, X., Gong, M., 

Wang, C., & Li, Z. (2023). Study on the 

influence of pre-oxidation treatment on 

surface wettability and supercapacitive 

performance of coal-based activated 

carbon. Energy & Fuels, 37(12), 8672–

8680. 

16. Blachnio, M., Derylo-Marczewska, A., 

Winter, S., & Zienkiewicz-Strzalka, M. 

(2021). Mesoporous carbons of well-

organized structure in the removal of dyes 

from aqueous solutions. Molecules, 26(8), 

2159. 

17. Taslim, R., Apriwandi, A., & Taer, E. 

(2022). Novel moringa oleifera leaves 3D 

porous carbon-based electrode material as 

a high-performance EDLC supercapacitor. 

ACS omega, 7(41), 36489–36502. 

18. Gopalakrishnan, A., & Badhulika, S. 

(2020). Effect of self-doped heteroatoms 

on the performance of biomass-derived 

carbon for supercapacitor applications. 

Journal of power sources, 480, 228830. 

19. Zhao, L., Li, Y., Yu, M., Peng, Y., & Ran, 

F. (2023). Electrolyte‐wettability issues 

and challenges of electrode materials in 

electrochemical energy storage, energy 

conversion, and beyond. Advanced 

Science, 10(17), 2300283. 

20. Lin, X., Yin, S., Zhang, W., & Li, X. 

(2022). N/P/O doped porous carbon 

materials for supercapacitor with high 

performance. Diamond and Related 

Materials, 125, 109025. 

21. Nayak, M. K., Sahoo, B. B., Thatoi, D. N., 

Nazari, S., Ali, R., & Chamkha, A. J. 

(2024). Recent advances on supercapacitor 

electrode materials from Biowastes-A 

review. Journal of Science: Advanced 

Materials and Devices, 100734. 

22. Taer, E., Deraman, M., Taslim, R., & 

Iwantono. (2013). Preparation of 

binderless activated carbon monolith from 

pre-carbonization rubber wood sawdust by 

controlling of carbonization and activation 

condition. AIP Conference Proceedings, 

1554(1), 33–37. 

23. Taer, E., Syamsunar, N., Apriwandi, A., & 

Taslim, R. (2023). Novel Solanum torvum 

fruit biomass-derived hierarchical porous 

carbon nanosphere as excellent electrode 

material for enhanced symmetric 

supercapacitor performance. JOM, 75(11), 

4494–4506. 

24. Rajivgandhi, P., Mariappan, A., 

Manivannan, M., Dharman, R. K., Oh, T. 

H., & Sekar, A. (2024). Biomass waste 

derived from cassia fistula into value-

added porous carbon electrode for aqueous 

symmetric supercapacitors. Inorganic 

Chemistry Communications, 165, 112552. 

25. Rajasekaran, S. J., Grace, A. N., Jacob, G., 

Alodhayb, A., Pandiaraj, S., & Raghavan, 

V. (2023). Investigation of different 

aqueous electrolytes for biomass-derived 

activated carbon-based supercapacitors. 

Catalysts, 13(2), 286. 

26. Rustamaji, H., Prakoso, T., Devianto, H., 

Widiatmoko, P., Febriyanto, P., & Eviani, 

M. (2024). Modification of hydrochar 

derived from palm waste with thiourea to 

produce N, S co-doped activated carbon 

for supercapacitor. Sustainable Chemistry 

for the Environment, 7, 100132. 

27. Thazin, N. M., Chaiammart, N., Thu, M. 

M., & Panomsuwan, G. (2022). Effect of 

pre-carbonization temperature on the 

porous structure and electrochemical 

properties of activated carbon fibers 

derived from kapok for supercapacitor 

applications. Journal of Metals, Materials 

and Minerals, 32(1), 55–64. 

28. Jalalah, M., Rudra, S., Aljafari, B., Irfan, 

M., Almasabi, S. S., Alsuwian, T., Patil, 

A.A., Nayak, A.K., & Harraz, F. A. 

(2022). Novel porous heteroatom-doped 

biomass activated carbon nanoflakes for 

efficient solid-state symmetric 

supercapacitor devices. Journal of the 



 

 Harnessing multi-doping porous carbon from Musa paradisiaca L. ... (Purba et al.) 196 

Taiwan Institute of Chemical Engineers, 

132, 104148. 

29. Ajay, K. M., Dinesh, M. N., Byatarayappa, 

G., Radhika, M. G., Kathyayini, N., & 

Vijeth, H. (2021). Electrochemical 

investigations on low cost KOH activated 

carbon derived from orange-peel and 

polyaniline for hybrid supercapacitors. 

Inorganic Chemistry Communications, 

127, 108523. 

 

 

This article uses a license 

Creative Commons Attribution 

4.0 International License 

 

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

