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Abstract. Banana peel waste is an abundant agricultural by-product with high carbon content 

but remains largely underutilized. This study presents a preliminary investigation into the 

conversion of banana peel waste into activated carbon and its integration with manganese dioxide 

(MnO₂) to produce biomass-derived composite electrodes for supercapacitor applications. 

Activated carbon was prepared by carbonization followed by chemical activation using 30 wt% 

H₃PO₄, while MnO₂–carbon composites were synthesized hydrothermally at 120 °C for 4 h using 

different carbon-to-MnO₂ mass ratios. The composites were characterized by Brunauer–

Emmett–Teller (BET) analysis, and their electrochemical performance was evaluated by cyclic 

voltammetry (CV) in a three-electrode system with 6 M KOH electrolyte. Repeated 

measurements were conducted to improve data reliability. Among the investigated samples, 

MnO₂–BAC–1 exhibited the highest average specific capacitance of 108.87 F g⁻¹ at a scan rate 

of 0.05 V s⁻¹, which corresponded to the largest pore volume. Although the present findings are 

limited to BET and CV analyses, they demonstrate the feasibility of utilizing banana peel waste 

as a sustainable precursor for MnO₂–carbon composite electrodes and provide a basis for further 

structural characterization and comprehensive electrochemical evaluation. 
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1. Introduction  

Banana (Musa spp.) is one of the most extensively cultivated tropical crops in Indonesia, generating a 

substantial amount of agricultural residue in the form of banana peel waste. In practice, these residues 

are commonly discarded, left to decompose naturally, or openly burned, resulting in localized waste 

accumulation, unpleasant odors, and avoidable environmental pollution. Nevertheless, banana peels 

contain abundant lignocellulosic components, including cellulose, hemicellulose, and lignin, which 

provide a renewable carbon source for the production of porous carbon materials suitable for 

electrochemical applications [1]. Converting banana peel waste into functional carbon materials 

therefore represents an attractive strategy for biomass valorization while simultaneously addressing 

environmental concerns associated with agricultural waste disposal [2-3].  

Biomass-derived activated carbon has received considerable attention as an electrode material for 

supercapacitors because of its well-developed pore structure, large specific surface area, chemical 

stability, and relatively low production cost [4], [5], [8], [10]. Numerous agricultural wastes, including 

coconut shells, rice husks, bamboo, coffee grounds, and fruit peels, have been successfully converted 

into porous carbon electrodes with promising electrochemical properties [6], [11], [13]. Among these 

biomass resources, banana peel is particularly attractive owing to its widespread availability, high carbon 

content, and ability to develop hierarchical porous structures after chemical activation and thermal 

treatment. However, activated carbon derived solely from banana peel generally functions as an electric 

double-layer capacitor (EDLC) material, resulting in moderate specific capacitance because charge 

storage is dominated by electrostatic ion adsorption rather than Faradaic reactions [14-15].  

To overcome this limitation, the incorporation of pseudocapacitive materials into porous carbon 

matrices has become a widely adopted strategy for enhancing charge-storage performance. Among 

various transition-metal oxides, manganese dioxide (MnO₂) has emerged as one of the most promising 

candidates because of its high theoretical specific capacitance (1,370 F g⁻¹), environmental friendliness, 

natural abundance, and relatively low cost [16], [24], [25]. Nevertheless, the intrinsically low electrical 

conductivity and limited ion transport characteristics of MnO₂ often restrict its practical electrochemical 

performance when used as a single-component electrode. Hybridization with conductive porous carbon 

has therefore been extensively explored to combine electric double-layer capacitance from carbon with 

the Faradaic pseudocapacitance of MnO₂, thereby improving electron transport, electrolyte accessibility, 

and overall electrochemical performance [16], [17- 20]. 

Recent studies have demonstrated encouraging electrochemical performance for MnO₂–carbon 

composites prepared from various biomass precursors, including rice husks, bamboo, pomelo peel, 

orange peel, palm fibers, and mixed agricultural residues [21-23] Reported specific capacitance values 

generally range from approximately 80 to more than 250 F g⁻¹ depending on precursor composition, 

activation method, pore architecture, electrolyte, and testing conditions. These variations indicate that 

direct comparison among published studies remains challenging because electrochemical performance 

is strongly influenced by synthesis parameters and measurement protocols. Furthermore, only a limited 

number of investigations have specifically examined MnO₂-modified activated carbon derived from 

banana peel using hydrothermal synthesis while systematically evaluating the influence of MnO₂ loading 

on pore characteristics and electrochemical behavior under identical experimental conditions in a 6 M 

KOH electrolyte using cyclic voltammetry at a scan rate of 0.05 V s⁻¹. 

Based on the research gap identified above, this study investigates the utilization of banana peel waste 

as a precursor for activated carbon and its subsequent integration with MnO₂ through a hydrothermal 

synthesis route to develop composite electrode materials for supercapacitor applications [9], [12]. The 
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novelty of this work lies in systematically evaluating the influence of different activated carbon-to-MnO₂ 

mass ratios on pore characteristics and electrochemical performance while maintaining an identical 

synthesis protocol and testing configuration. Unlike previous studies that primarily focused on either 

biomass-derived activated carbon or MnO₂-based electrodes independently, this study examines the 

synergistic effect of combining both materials under controlled hydrothermal conditions using a 6 M 

KOH electrolyte and cyclic voltammetry measurements in a three-electrode system. Specifically, this 

study aims to produce activated carbon from banana peel waste, synthesize MnO₂–carbon composites 

with different mass ratios, characterize their specific surface area and pore properties using Brunauer–

Emmett–Teller (BET) analysis, and evaluate their preliminary electrochemical performance using cyclic 

voltammetry (CV). Although the present work is limited to a preliminary electrochemical assessment, 

the findings are expected to provide fundamental insights into the development of sustainable biomass-

derived composite electrodes and to establish a scientific basis for future investigations involving 

advanced structural characterization and comprehensive electrochemical validation. 

2. Methods 

2.1 Type and Research Design 

This study adopted a laboratory-based quantitative experimental design to investigate the feasibility of 

producing MnO₂–carbon composites from banana peel-derived activated carbon for supercapacitor 

electrode applications. The experimental work comprised four sequential stages: preparation of the 

biomass precursor, production of activated carbon, hydrothermal synthesis of MnO₂–carbon composites 

with different MnO₂ loadings, and physicochemical and electrochemical characterization. Rather than 

providing comprehensive device validation, this work was designed as a preliminary proof-of-concept 

study to examine how variations in MnO₂ loading influence the textural properties and cyclic 

voltammetry (CV)-based electrochemical performance of the resulting composites. Primary data were 

obtained directly from laboratory experiments, whereas secondary information was collected from peer-

reviewed publications relevant to biomass-derived carbon materials and electrochemical energy storage.  

2.2 Research Materials 

Banana peels with an initial moisture content of approximately 80% were used as the biomass precursor 

for activated carbon production. All reagents, including MnO₂ (99% purity, Sigma-Aldrich), H₃PO₄ 

(30%, Merck), NaOH (1 M, Merck), Nafion (5 wt%, Sigma-Aldrich), isopropanol (99.5%, Merck), and 

KOH (6 M, Merck) were of analytical grade and used without further purification. Distilled water was 

used throughout the washing and solution preparation processes. 

2.3 Research Instruments 

The main instruments used in this study included an electric tube furnace for carbonization and thermal 

activation, a Teflon-lined stainless steel autoclave for hydrothermal synthesis, a drying oven, an 

ultrasonic cleaner, a Brunauer–Emmett–Teller (BET) analyzer for surface area and pore structure 

analysis, and a µStat 400 bipotentiostat/galvanostat for electrochemical measurements in a three-

electrode system. Prior to surface area analysis, instrument calibration was performed according to the 

manufacturer's standard procedures. 

2.4 Experimental Procedures  

2.4.1 Preparation of Activated Carbon from Banana Peel 

Fresh banana peels were washed thoroughly with distilled water to remove adhering dirt and impurities, 

then cut into small pieces of approximately 3 cm. The cleaned peels were oven-dried at 60 °C for 24 h 

to reduce moisture content before carbonization. The dried precursor was then carbonized in a tube 

furnace at 550 °C for 2.5 h under an inert nitrogen atmosphere with a heating rate of 5 °C min⁻¹. 
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Figure 1. Washing process of carbon using ultrasonic cleaner  

(Source: Authors’ documentation) 

After carbonization, the resulting carbon material was ground and sieved through a 100-mesh sieve 

to obtain a more uniform particle size. The sieved carbon was washed with distilled water using an 

ultrasonic cleaner and then dried at 100 °C for 12 h. The carbonization process yielded approximately 

35% char from the dried precursor. 

 
Figure 2. Chemical activation process through impregnation  

(Source: Authors’ documentation) 

The carbonized banana peel was chemically activated through impregnation in a 30 wt.% H₃PO₄ 

solution for 24 h. To ensure reproducibility across experimental batches, the mixture was prepared using 

a strictly controlled carbon-to-activating-agent mass ratio of 1:4. Following the impregnation process, 

the material was washed with 1 M NaOH to neutralize residual acid and subsequently rinsed several 

times with distilled water until the filtrate reached a neutral pH. The resulting activated carbon was dried 

and further subjected to thermal activation at 500 °C for 1 h to promote pore formation and improve its 

textural properties. 

2.4.2 Hydrothermal Synthesis of MnO₂–Carbon Composites 

The activated carbon (BAC) was combined with commercial MnO₂ powder at mass ratios of 5:0.5, 5:1, 

and 5:1.5. Each mixture was dispersed in distilled water and stirred until a homogeneous suspension was 

obtained before being transferred into a sealed autoclave. Hydrothermal treatment was performed at 

120 °C for 4 h. After the reaction, the precipitated product was filtered, washed several times with 

distilled water and alcohol, dried at 100 °C for 12 h, and then heat-treated at 400 °C for 1 h to obtain the 

final composite powders. The resulting materials were coded as MnO₂–BAC–0.5, MnO₂–BAC–1, and 

MnO₂–BAC–1.5, corresponding to the mass of MnO₂ relative to 5 g of activated carbon. 

The obtained composite powders were designated as MnO₂–BAC–0.5, MnO₂–BAC–1, and MnO₂–

BAC–1.5, representing increasing MnO₂ loading while maintaining a constant activated carbon mass of 

5 g. 
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Figure 3. Hydrothermal synthesis of MnO₂–

Carbon using autoclave  

(Source: Authors’ documentation) 

 
Figure 4. MnO₂–Carbon composites obtained from 

hydrothermal synthesis  

(Source: Authors’ documentation 

 

2.5. Material Characterization 

The textural properties of the synthesized composites were analyzed using Brunauer–Emmett–Teller 

(BET) analysis to determine specific surface area, average pore diameter, and total pore volume. Prior 

to the measurement, the samples were degassed at 150 °C for 6 h under vacuum conditions to remove 

adsorbed moisture and surface contaminants. 

 

 

Figure 5. BET analyzer  

(Source: Authors’ documentation) 

 
Figure 6. Three-electrode system for 

electrochemical testing  

(Source: Authors’ documentation) 

Electrochemical performance was evaluated by Cyclic Voltammetry using a three-electrode system 

with 6 M KOH as the electrolyte. The working electrode slurry was prepared by mixing 10 mg of active 

material, 1 mL of isopropanol, and 20 μL of nafion. The suspension was sonicated until homogeneous 

and then drop-cast onto the electrode surface.  

The present characterization was intentionally limited to BET analysis for evaluating textural 

properties and cyclic voltammetry for preliminary electrochemical assessment. Consequently, structural 

features such as crystal phase, surface morphology, elemental distribution, and surface functional groups 

were not directly examined in this study. Any discussion concerning the role of MnO₂ distribution or 

structural interaction is therefore presented as a reasonable interpretation based on BET and CV results 

rather than as direct experimental confirmation. 

2.5.1 Calculation of Specific Capacitance 

The specific capacitance was calculated from the cyclic voltammetry response using the integrated area 

of the CV curve over the selected potential window. Prior to integration, the current baseline was 

corrected to minimize the contribution of non faradaic background and instrumental drift. The 

capacitance value was determined from the stabilized CV cycle used for final analysis, namely the last 

cycle recorded under each testing condition. The calculated capacitance values therefore represent 

apparent specific capacitance derived from cyclic voltammetry measurements under the specified 

experimental conditions. The specific capacitance, C (F/g), was calculated using the following equation: 
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 𝐶 =
𝐴

2 ×  𝑚 ×  𝑆 ×  𝛥𝑉
 (1) 

 

where A is the integrated area of the CV curve (V·A), m is the mass of the active electrode material 

(g), S is the scan rate (V/s), and ΔV is the potential window (V). The active mass deposited on each 

electrode was measured using an analytical balance and recorded to an appropriate precision, because 

uncertainty in low mass loading can strongly influence the calculated capacitance. 

2.6. Replication and Statistical Analysis 

All electrochemical and physical characterization data were analyzed quantitatively and comparatively 

among the three composite variations. For each composite sample, electrochemical measurements 

consisted of three consecutive Cyclic Voltammetry (CV) cycles performed on the same prepared 

electrode to assess measurement consistency. The reported specific capacitance represents the mean 

value calculated from these three consecutive CV cycles. These repeated cycles represent technical 

repeated measurements rather than independent experimental replicates. Owing to the exploratory nature 

of the study and the absence of independent replicate electrodes, no inferential statistical analysis was 

performed. Accordingly, differences among the composite samples were interpreted descriptively as 

observed experimental trends and should not be considered statistically significant differences. 

2.7. Safety and Environmental Considerations 

The synthesis and activation procedures involved corrosive chemicals, particularly phosphoric acid and 

sodium hydroxide. Therefore, all experimental work was conducted using appropriate laboratory 

protective equipment, including gloves, a lab coat, and safety glasses. Washing, neutralization, and 

rinsing steps were carried out carefully to reduce the risk of chemical exposure and prevent uncontrolled 

acidic or alkaline discharge. Liquid waste generated during the activation and washing processes was 

neutralized prior to disposal in accordance with standard laboratory safety and waste management 

procedures. 

2.8. Study Limitations 

This study focused on preliminary evaluation using BET and CV analyses. Advanced structural 

characterization (XRD, SEM/EDX, Raman or FTIR) and complementary electrochemical analyses 

(GCD, EIS and cycling stability) were beyond the scope of the present investigation. Consequently, 

mechanistic interpretations regarding MnO₂ distribution, charge-transfer behavior and long-term 

electrochemical stability remain preliminary and should be verified in future studies. 

 

3. Results and Discussion 

3.1. Morphological and Physical Characteristics of MnO₂–Carbon Composites 

The synthesized MnO₂–carbon composites derived from banana peel-based activated carbon were 

obtained as fine powders with a dark gray to black appearance. The products exhibited a relatively friable 

texture, were insoluble in water, and gradually settled after dispersion, indicating the formation of 

particulate composite materials rather than colloidal suspensions. These macroscopic characteristics are 

generally consistent with biomass-derived carbon composites reported in previous studies, where 

activated carbon serves as the supporting matrix for electrochemically active transition-metal oxides 

[10], [25]. It should be emphasized that the present observations are limited to the macroscopic 

appearance of the synthesized materials. Since no microscopic or crystallographic characterization (e.g., 

SEM, TEM, or XRD) was performed, the morphology, particle distribution, crystallinity, and interaction 

between MnO₂ and the carbon matrix cannot be directly verified. Consequently, any discussion 

regarding the structural role of MnO₂ in the composite should be regarded as an interpretation based on 
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the available BET and electrochemical results rather than direct experimental confirmation. 

Accordingly, this study should be considered a preliminary assessment of biomass-derived MnO₂–

carbon composites prior to comprehensive structural characterization. 

3.2. BET Surface Area and Pore Structure Analysis 

The Brunauer–Emmett–Teller analysis was used to evaluate the textural properties of the synthesized 

composites, including specific surface area, average pore diameter, and total pore volume. As shown in 

Table 1, the MnO₂–BAC–0.5 sample exhibited the highest specific surface area of 434.15 m²/g, followed 

by MnO₂–BAC–1 with 389.86 m²/g and MnO₂–BAC–1.5 with 376.33 m²/g. In contrast, the total pore 

volume reached its highest value in MnO₂–BAC–1 at 0.09 cc/g, while MnO₂–BAC–0.5 and MnO₂–

BAC–1.5 exhibited 0.08 and 0.07 cc/g, respectively. The results are summarized in Table 1. 

 

Table 1. Pore characteristics of MnO₂–carbon composites obtained from BET analysis 

Material Surface Area 

(m²/g) 

Average Pore Diameter 

(nm) 

Total Pore Volume 

(cc/g) 

MnO₂-BAC-

0,5 
434,15 2,02 0,08 

MnO₂-BAC-1 389,86 2,01 0,09 

MnO₂-BAC-

1,5 
376,33 2,01 0,07 

 

Source: Authors’ experimental data (2026) 

 

These results indicate that increasing the amount of MnO₂ does not produce a proportional 

improvement in the textural characteristics of the composite. Instead, the intermediate composition 

(MnO₂–BAC–1) appears to provide a more balanced pore architecture, combining a relatively high pore 

volume with only a moderate reduction in specific surface area. Because electrolyte ions require 

sufficient pore accessibility during charge storage, pore volume may play a more influential role than 

surface area alone under the electrochemical conditions employed in this study. 

The average pore diameter remained nearly constant (2.01–2.02 nm) for all samples, suggesting that 

the synthesis conditions did not substantially modify the dominant pore size. Based solely on BET 

measurements, the composites can therefore be considered to possess relatively similar pore dimensions, 

while differences among the samples mainly arise from variations in accessible surface area and pore 

volume. These characteristics are generally regarded as favorable for supercapacitor electrodes because 

they facilitate electrolyte penetration while preserving a sufficiently large electrochemically accessible 

interface [5], [15].  

A gradual decrease in specific surface area with increasing MnO₂ loading was observed. One possible 

explanation is that part of the pore network became less accessible after incorporation of MnO₂, thereby 

reducing the nitrogen adsorption measured during BET analysis. Similar tendencies have been reported 

for MnO₂–carbon composites prepared from other biomass precursors [16], [24], [25]. However, 

because pore-size distribution analysis, SEM observations, and XRD characterization were beyond the 

scope of the present work, this interpretation should be regarded as a plausible hypothesis rather than 

definitive evidence. Consequently, the observed relationship between MnO₂ loading and pore 

characteristics should be interpreted primarily on the basis of the measured BET parameters rather than 

inferred structural mechanisms. 

Compared with previous studies employing banana peel-derived activated carbon as a standalone 

electrode material, the present work introduces MnO₂ incorporation through a controlled hydrothermal 

route while systematically varying the MnO₂ loading under identical synthesis and electrochemical 

testing conditions. Although the resulting improvements should be regarded as preliminary, this 

experimental design provides additional insight into how MnO₂ loading influences the balance between 
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accessible pore structure and electrochemical performance, thereby contributing incremental knowledge 

to the development of biomass-derived composite electrodes for sustainable energy storage. 

3.3. Electrochemical Performance through Cyclic Voltammetry 

The electrochemical behavior of the synthesized composites was evaluated by Cyclic Voltammetry in a 

three-electrode configuration using 6 M KOH electrolyte. The specific capacitance values calculated at 

a scan rate of 0.05 V/s are summarized in Table 2. Among the tested samples, MnO₂–BAC–1 exhibited 

the highest average specific capacitance of 108.87 F/g, followed by MnO₂–BAC–0.5 with 101.84 F/g 

and MnO₂–BAC–1.5 with 82.89 F/g. 

 

Table 2. Specific capacitance of MnO₂–carbon composites at 0.05 V/s 

Material 1st Cycle (F/g) 2nd Cycle (F/g) 3rd Cycle (F/g) Average (F/g) 

MnO₂-BAC-0,5 98,12 102,15 105,26 101,84 

MnO₂-BAC-1 107,89 105,40 113,33 108,87 

MnO₂-BAC-1,5 78,40 81,32 88,94 82,89 

Source: Authors’ experimental data (2026) 

 

The electrochemical results demonstrate that increasing the MnO₂ content does not result in a 

proportional increase in specific capacitance. Instead, the intermediate composition (MnO₂–BAC–1) 

produced the highest capacitance, suggesting that the electrochemical performance depends on 

achieving an appropriate balance between the porous carbon framework and the amount of 

electrochemically active MnO₂. Excessively low MnO₂ loading may limit the contribution of Faradaic 

charge storage, whereas excessive MnO₂ incorporation may reduce the accessibility of electrolyte ions 

to the carbon pore network. Within the limitations of the present BET and CV analyses, this 

interpretation is consistent with the observed variation in pore volume among the investigated 

composites. 

A comparison between the BET and CV results further indicates that specific surface area alone 

cannot adequately explain the electrochemical behavior of the synthesized materials. Although MnO₂–

BAC–0.5 possessed the largest BET surface area (434.15 m² g⁻¹), it did not exhibit the highest specific 

capacitance. Conversely, MnO₂–BAC–1, which displayed a moderately lower surface area but the 

largest total pore volume (0.09 cm³ g⁻¹), achieved the best electrochemical performance. These 

observations suggest that pore accessibility and pore volume may contribute more substantially to ion 

transport during charge storage than surface area alone under the present testing conditions. 

Nevertheless, this relationship should be interpreted as an experimental correlation derived from BET 

and CV measurements rather than as direct evidence of the underlying electrochemical mechanism. 

The decrease in capacitance observed for MnO₂–BAC–1.5 may indicate that further increasing the 

MnO₂ loading does not necessarily improve electrode performance. One possible explanation is that 

additional MnO₂ reduces the accessibility of the porous carbon framework, thereby limiting electrolyte 

penetration or electron transport. Similar trends have been reported for biomass-derived MnO₂–carbon 

composites prepared from other agricultural precursors, where an optimum oxide loading was required 

to balance pseudocapacitive contribution and ion diffusion [7], [11], [19]. However, because advanced 

structural characterization techniques, including XRD, SEM, and EDX, were not employed in the 

present study, these interpretations should be regarded as plausible hypotheses supported indirectly by 

the BET and CV results rather than definitive structural confirmation. 

Compared with previously reported banana peel-derived activated carbon electrodes, the present 

work introduces a systematic evaluation of MnO₂ loading while maintaining identical synthesis 

conditions and electrochemical testing parameters. Although the resulting improvement should be 

considered incremental rather than transformative, the findings provide additional insight into the role 

of MnO₂ loading in balancing pore characteristics and electrochemical performance in biomass-derived 

composite electrodes. Consequently, this study contributes a useful preliminary dataset that may serve 

as a basis for future investigations employing complementary techniques such as galvanostatic charge–
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discharge, electrochemical impedance spectroscopy, cycling stability, and advanced structural 

characterization to obtain a more comprehensive understanding of the charge-storage mechanism. 

3.4. Comparative Performance with Biomass-Based Carbon Electrodes 

A comparison with previously reported biomass-derived carbon electrodes indicates that the MnO₂–

BAC composites developed in the present study exhibit electrochemical performance within the range 

reported for biomass-based supercapacitor electrodes. Under the experimental conditions employed in 

this work, the best-performing sample, MnO₂–BAC–1, achieved an average specific capacitance of 

108.87 F g⁻¹ at a scan rate of 0.05 V s⁻¹ in 6 M KOH. This result suggests that incorporating MnO₂ into 

banana peel-derived activated carbon may enhance the electrochemical behavior compared with 

activated carbon alone, supporting the potential of hybrid biomass-derived electrodes for sustainable 

energy storage applications.  

 

Table 3. Comparison of specific capacitance between banana peel-derived MnO₂–carbon and other 

biomass-based carbons 

Electrode Material 
Specific Capacitance 

(F/g) 

Scan Rate 

(V/s) 
Electrolyte Reference 

Activated carbon 

(banana peel) 

68 0.1 1 M H₂SO₄ [26] 

Carbon nanosheets 

(orange peel) 

95 0.05 1 M 

Na₂SO₄ 

[22] 

Activated carbon 

(bamboo) 

80 0.05 6 M KOH [18] 

MnO₂–carbon (this 

work) 

108.87 0.05 6 M KOH Authors’ data 

(2026) 

Source: Authors’ experimental data (2026) 

 

 Nevertheless, comparisons with previously published studies should be interpreted with caution 

because electrochemical performance is strongly influenced by numerous experimental variables, 

including electrode configuration, electrolyte composition, scan rate, mass loading, synthesis procedure, 

and capacitance calculation method. Consequently, quantitative comparisons among different studies 

should not be considered direct indicators of material superiority unless the testing conditions are closely 

matched. Within these limitations, the present findings provide additional evidence that controlled MnO₂ 

incorporation into banana peel-derived activated carbon represents a promising strategy for improving 

the electrochemical response of biomass-derived electrodes. Rather than demonstrating breakthrough 

performance, this study contributes incremental experimental evidence toward understanding the 

influence of MnO₂ loading on the relationship between pore characteristics and CV-based 

electrochemical behavior in banana peel-derived carbon composites. 

3.5. Limitations of the Present Study 

Although the BET and cyclic voltammetry (CV) results demonstrate the feasibility of producing MnO₂–

carbon composites from banana peel-derived activated carbon, the present study has several limitations 

that should be acknowledged. First, the physicochemical characterization was limited to BET analysis; 

therefore, important structural information, including crystal phase, surface morphology, elemental 

distribution, and surface functional groups, could not be directly verified. Consequently, the 

interpretations presented in this work are based primarily on experimentally measured BET and CV 

results and should not be regarded as direct evidence of the underlying structural or electrochemical 

mechanisms. 

Second, the electrochemical evaluation was restricted to cyclic voltammetry performed under a single 

testing configuration. As a result, several important performance indicators, including galvanostatic 

charge–discharge behavior, electrochemical impedance, rate capability, coulombic efficiency, energy 
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density, power density, and long-term cycling stability, remain to be investigated. Therefore, the 

electrochemical performance reported in this study should be interpreted as a preliminary assessment 

rather than a comprehensive validation of the proposed electrode material. 

Despite these limitations, the present study demonstrates that incorporating MnO₂ into banana peel-

derived activated carbon is associated with improved CV-based electrochemical performance compared 

with the activated carbon reported previously for the same biomass precursor under comparable 

experimental conditions. Nevertheless, broader comparisons with other biomass-derived electrode 

materials should be interpreted cautiously because electrochemical performance is strongly influenced 

by differences in synthesis procedures, electrode preparation, electrolyte composition, and testing 

protocols. 

Future investigations should incorporate advanced structural characterization techniques, including X-

ray diffraction (XRD), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy 

(EDX), Raman spectroscopy, and Fourier-transform infrared spectroscopy (FTIR), together with 

complementary electrochemical analyses such as galvanostatic charge–discharge (GCD), 

electrochemical impedance spectroscopy (EIS), and long-term cycling stability tests. These additional 

analyses will provide a more comprehensive understanding of the relationship between pore 

characteristics, material structure, and electrochemical performance, thereby supporting the further 

development of sustainable biomass-derived composite electrodes for energy storage applications. 

4. Conclusion 

This study demonstrates the feasibility of converting banana peel waste into activated carbon and 

subsequently integrating it with MnO₂ through a hydrothermal synthesis route to produce biomass-

derived composite electrodes for supercapacitor applications. Among the investigated compositions, 

MnO₂–BAC–1 exhibited the highest average specific capacitance of 108.87 F g⁻¹ at a scan rate of 0.05 

V s⁻¹, whereas MnO₂–BAC–0.5 showed the largest specific surface area (434.15 m² g⁻¹). These findings 

indicate that electrochemical performance was associated not only with specific surface area but also 

with the balance between pore characteristics and MnO₂ loading under the experimental conditions 

employed in this study. 

The present work provides a preliminary experimental assessment of banana peel-derived MnO₂–

carbon composites based on BET and cyclic voltammetry analyses. Accordingly, the observed 

relationships between pore characteristics and electrochemical behavior should be interpreted within the 

scope of the available experimental evidence. Further investigations incorporating X-ray diffraction 

(XRD), scanning electron microscopy (SEM/EDX), galvanostatic charge–discharge (GCD), 

electrochemical impedance spectroscopy (EIS), and long-term cycling stability are required to establish 

a more comprehensive understanding of the structure–property relationship and to support the future 

development of sustainable biomass-derived electrode materials for practical supercapacitor 

applications. 
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