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Abstract 

 The increasing global energy demand driven by population growth and urbanization has intensified the need for 

sustainable energy storage solutions. Supercapacitors are attractive candidates owing to their high power density, rapid 

charge–discharge capability, and long cycle life; however, the development of environmentally friendly electrode 

materials remains a challenge. In this work, banana peel extract was employed as a green reducing agent for the 

hydrothermal synthesis of reduced graphene oxide (rGO)/manganese dioxide (MnO₂) nanocomposites at 140, 160, and 

180 °C. This green approach aims to minimize the use of hazardous chemicals while valorizing agricultural waste. 

Structural and morphological analyses confirmed the successful formation of the composite, with temperature-dependent 

phase transitions and distinct morphologies. Electrochemical measurements revealed that the rGO/MnO₂ electrode 

synthesized at 140 °C delivered the highest specific capacitance of 601.41 F g⁻¹ at 0.5 A g⁻¹, outperforming those prepared 

at 160 °C (147.69 F g⁻¹) and 180 °C (549.09 F g⁻¹). These findings demonstrate that controlling the hydrothermal synthesis 

temperature significantly influences the composite's electrochemical properties. Therefore, banana peel-derived 

rGO/MnO₂ synthesized at 140 °C exhibits excellent capacitive performance, highlighting its potential as a sustainable 

electrode material for high-performance supercapacitors. 
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Introduction 

 The increasing global energy demand, fueled by 

population growth, urbanization, and higher living 

standards, has made efficient and sustainable energy 

storage systems a critical priority Ma et al. [1]. The 

International Energy Agency (IEA) projects a 45% rise 

in energy demand by 2030, underscoring the urgency for 

innovative solutions that minimize environmental 

impact while meeting performance requirements 

Manohar et al. [2]. Supercapacitors have emerged as 

promising candidates due to their high power density, 

rapid charge-discharge capability, and long cycle life, 

making them suitable for applications in hybrid 

vehicles, portable electronics, and renewable energy 

integration Schoetz et al. [3]; Burak and Eldar [4]; 

Guntreddi et al. [5]. 

 Supercapacitors store energy via two main 

mechanisms: Electric double-layer capacitance 

(EDLC), where energy is stored electrostatically at the 

electrode-electrolyte interface and pseudocapacitance 

(PC), which involves Faradaic redox reactions at the 
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electrode surface, such as those in MnO₂ Goljanian 

Tabrizi et al. [6]. EDLCs operate through a non-

Faradaic reaction where ions are adsorbed onto the 

electrode surface to form an electric double layer. This 

process offers high energy density and long-term 

capacitance retention, albeit with the limitation of lower 

energy density Mo et al. [7]. For example, EDLC has 

demonstrated exceptional cycling stability, with 91.3% 

retention after 10,000 cycles at 5 A g−1 Reddygunta et 

al. [8]. In contrast, PC utilizes a Faradaic process that 

involves a redox reaction between the active material 

and electrolyte, such as MnO2, which offers higher 

specific capacitance but often at the expense of reduced 

cycle stability Liu et al. [9].  

 Carbon-based materials, especially graphene and 

its derivatives, are widely used in supercapacitors due to 

their high electrical conductivity, large surface area, and 

chemical stability Lobato-Peralta et al. [10]. However, 

pristine graphene tends to aggregate, reducing its 

effective surface area and electrochemical performance 

Cossutta et al. [11]. Reduced graphene oxide (rGO) 

offers a practical alternative, combining graphene-like 

properties with easier synthesis via oxidation-

exfoliation of graphite followed by reduction Miller et 

al. [12]. Despite its advantages, rGO still suffers from 

limited intrinsic capacitance due to restacking, 

necessitating composite formation with metal oxides 

like MnO₂, which provides high pseudocapacitance 

through Faradaic reactions but suffers from poor 

conductivity Rajalakshmi et al. [13]; Lamba et al. [14]; 

Li et al. [15]; Ramkumar et al. [16]. To address these 

limitations and promote sustainability, this study 

employs a one-step hydrothermal method using banana 

peel extract as a natural reducing agent, integrating 

biomass valorization with nanocomposite synthesis. The 

approach reduces hazardous chemical use and supports 

circular economy principles, while systematically 

investigating the impact of synthesis temperature on the 

structural and electrochemical properties of rGO/MnO₂ 

nanocomposites. 

 Banana peel (Musa paradisiaca Linn.), a widely 

available agricultural waste, possesses a fibrous and 

layered structure rich in polyphenols and reducing 

sugars, which are effective as natural reducing agents in 

nanomaterial synthesis Chaudhry et al. [17]. Research 

conducted by Buasuwan et al. [34] found that banana 

peel extracts effectively reduce graphene oxide, 

removing oxygen-containing functional groups and 

restoring sp² hybridized carbon networks Begum et al. 

[18] The fibrous morphology of Musa paradisiaca Linn. 

peel enhances the extraction efficiency of bioactive 

compounds and provides a favorable matrix for 

nanocomposite formation Buendía-Otero et al. [19]. 

This variety is selected due to its high content of 

polyphenols and reducing sugars, as well as its 

abundance in tropical regions, making it a sustainable 

and cost-effective raw material for green synthesis 

Pambudi et al. [20]. This approach not only reduces 

reliance on hazardous chemicals but also transforms 

agricultural waste into valuable energy storage 

materials, supporting circular economy principles Hikal 

et al. [21]. 

 Existing methods for rGO/MnO₂ synthesis often 

rely on toxic reducing agents and multi-step procedures, 

limiting their environmental friendliness and scalability. 

This study introduces a one-step hydrothermal method 

using banana peel extract as a green reducing agent, 

directly integrating biomass valorization with 

nanocomposite synthesis. The selection of hydrothermal 

temperatures 140, 160, and 180 °C is based on previous 

studies demonstrating that this range significantly 

influences crystallinity, morphology, and interfacial 

properties, thereby directly impacting the 

electrochemical performance of supercapacitor 

electrodes. Research by Xia (2018) showed that 

temperatures between 140 and 180 °C are optimal for 

the effective reduction of graphene oxide, as thermal 

energy accelerates the removal of oxygen-containing 

functional groups and enhances the electrical 

conductivity of rGO Xia et al. [22]; Zhang et al. [23]. 

Further reported that this temperature range is ideal for 

the formation of crystalline MnO₂ with high surface 

area, while preventing thermal degradation of the rGO 

matrix Zhang et al. [23]; Salamon et al. [24] found that 

160 °C yields a homogeneous distribution of MnO₂ 

nanoparticles on the rGO surface, maximizing 

synergistic effects between EDLC and 

pseudocapacitance Salamon et al. [24]. Moreover, 

selecting temperatures below 200 °C reduces energy 

consumption and maintains the effectiveness of banana 

peel polyphenols and flavonoids as natural reducing 

agents. 

 Existing methods for rGO/MnO₂ synthesis often 

rely on toxic reducing agents and multi-step procedures, 
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limiting their environmental friendliness and scalability. 

This study introduces a one-step hydrothermal method 

using banana peel extract as a green reducing agent, 

directly integrating biomass valorization with 

nanocomposite synthesis. The approach enables precise 

control over composite morphology and interface 

quality, with synthesis temperature as a key 

optimization parameter Khan et al. [25]. By 

systematically investigating the influence of 

temperature on crystal phase, morphology, and 

electrochemical performance Gan et al. [26]. This work 

bridges the gap between sustainable material sourcing 

and high-performance energy storage, providing a novel 

and environmentally responsible approach to 

supercapacitor electrode development. The 

characteristics of the rGO/MnO₂ composites were 

analyzed using X-ray diffraction (XRD) and scanning 

electron microscopy (SEM). At the same time, the 

electrochemical performance of the supercapacitor 

electrode materials was evaluated through cyclic 

voltammetry (CV), galvanostatic charge-discharge 

(GCD), and electrochemical impedance spectroscopy 

(EIS) measurements using an electrochemical 

workstation. 

 

Materials and methods 

 Materials 

 KMnO4, graphite powder, HCl, H2SO4 (98%), 

H2O2 (39%), and NaNO3 are analytical grades 

purchased from Merck, and banana peels were obtained 

from a synthesis. 

 

 Synthesis of graphene oxide 

 Graphene oxide was synthesized using the 

modified Hummers method, as described in previous 

research Anshori et al. [27]. Initially, 23.33 mL of 

H₂SO₄ solution was prepared in a beaker and stirred in 

an ice bath below 20 °C to control the exothermic 

reactions during the oxidation process, preventing 

material decomposition and the formation of unwanted 

by-products. Subsequently, 1 g of graphite powder and 

0.5 g of NaNO₃ were added to the solution. A total of 5 

g of KMnO₄ was gradually introduced while 

continuously stirring for 2 h on a hot plate. The 

temperature was then raised to 35 - 40 °C to accelerate 

the oxidation process and ensure a more homogeneous 

reaction, resulting in graphene oxide with a well-defined 

structure. The mixture was stirred for an additional 14 h 

to guarantee uniform distribution of reactants and 

facilitate complete oxidation, yielding high quality and 

stable graphene oxide. The color of the mixture changed 

to light brown and formed a paste-like consistency. 

Next, 41.6 mL of deionized (DI) water was added and 

stirred for 30 min to optimize the reaction. Oxidation 

was terminated by adding H₂O₂ solution, followed by 

dilution with 133 mL of DI water and 20 mL of 1 M HCl 

to remove excess sulfate ions. The resulting solid was 

filtered and dried in an oven at 80 °C. Finally, 

ultrasonication and centrifugation were performed to 

exfoliate the GO powder, producing well-dispersed 

graphene oxide nanosheets. 

 

 Preparation of banana peels extract 

 The banana peel used in this study was derived 

from Musa paradisiaca Linn. The peels were cleaned 

with tap water and thoroughly rinsed with deionized 

(DI) water to remove impurities. After cutting into small 

pieces (approximately 1 - 2 cm) to maximize the contact 

surface area during extraction, the pieces were dried in 

an air oven at 65 °C for 24 h to remove moisture without 

degrading bioactive compounds such as polyphenols 

and reducing sugars, which serve as natural reducing 

agents. Drying at this temperature was selected to 

prevent thermal decomposition of these compounds; 

higher temperatures or longer durations could 

compromise their reducing efficacy. The dried peels 

were then ground into a fine powder with a particle size 

of 100 - 200 μm and stored in a sealed container for 

subsequent use. This particle size was chosen to 

maximize the surface area for efficient extraction of 

reducing agents, directly influencing the release 

efficiency of polyphenols and reducing sugars, and 

supporting the formation of uniform and effective 

rGO/MnO₂ nanocomposites. Particles that are too large 

may reduce extraction efficiency, while those that are 

too small may cause agglomeration and handling 

difficulties. For extraction, 12 g of banana peel powder 

was mixed with 100 mL of DI water and stirred for 1 h 

at 70 °C. The mixture was centrifuged and filtered 

through Whatman filter paper. The resulting filtrate was 

preserved in a glass container at 4 °C for use in the 

synthesis of rGO/MnO₂ nanocomposites. 
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 Synthesis of rGO/MnO₂ nanocomposite 

 The rGO/MnO₂ nanocomposite was synthesized 

using the in-situ hydrothermal method, as shown in 

Figure 1. Initially, 3.95 g KMnO₄, 4 mL 8 M H₂SO₄, 

and 75 mL deionized water were mixed using a 

magnetic stirrer at 35 °C for 30 min to ensure even 

distribution of reactants and facilitate optimal reduction 

between the natural reducing agent in the banana peel 

extract and the precursors (graphite oxide and MnO₂). A 

temperature of 35 °C was chosen to accelerate the 

reaction kinetics while minimizing the risk of thermal 

decomposition of bioactive compounds. Stirring was 

performed at 400 RPM to achieve homogeneity without 

causing excessive turbulence that could disrupt the 

nanocomposite structure. After that, 0.25 g of GO 

powder was added to the solution and stirred 

continuously for 30 min to ensure thorough mixing. The 

homogeneous mixture was then transferred to a Teflon-

lined autoclave and hydrothermally treated at 140, 160, 

and 180 °C for 6 h. The resulting product was separated 

by centrifugation and washed repeatedly with deionized 

water until a neutral pH was achieved to remove residual 

contaminants. The precipitate was dried at 70 °C for 12 

h, followed by grinding to obtain a fine rGO/MnO₂ 

nanocomposite powder with a particle size of 1 - 5 μm 

to maximize the active surface area, enhance electrolyte 

interaction and electrochemical performance, while 

avoiding excessive agglomeration that could reduce 

capacitance efficiency. The optimal surface area of the 

nanocomposite is crucial for supercapacitor 

applications, as it directly affects energy storage 

capacity and cycle stability.

 

 

Figure 1 Synthesis of rGO/MnO2 Nanocomposite. 

  

 

 Characterization 

 The structural and morphological characteristics 

of the synthesized rGO/MnO2 composite were analyzed 

using several techniques. The crystalline structure of the 

composite was examined by X-ray diffraction (XRD, 

Rigaku D/MAX-2500/PC, Cu Kα radiation, λ = 1.54 Å) 

operated at 40 kV, to determine the phase composition 

and degree of crystallinity of the carbon-based 

materials. The surface morphology and microstructural 

features of the composite were observed using scanning 

electron microscopy (SEM, JEOL JSM-6510LA), 

which provided detailed information on the dispersion 

of MWCNTs within the activated carbon matrix and the 

surface texture of the electrode. 

 

 Electrodes modification 

 The electrochemical sensing element 

(electrochemical sensor) consists of 3 electrodes: GCE 

as the working electrode (WE), Ag/AgCl reference 

electrode (RE), and Pt wire as the counter electrode. To 

prepare the nanomaterial suspension, 14 mg of 

rGO/MnO2 140, 160, and 180 °C were added to 2 mL of 
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distilled water and ethanol (material to solvent ratio 

7:1). The mixture was then homogenized in an 

ultrasonic bath. The drop-casting technique was used for 

electrode modification. The sensor was modified after 

dripping 5 μL of nanomaterial suspension over WE and 

adding 5 μL of Nafion solution, left to dry at 27 °C 

(room temperature) until ensuring loading of the 

prepared material Madagalam et al. [29]; Ristiana et al. 

[28]. 

 

 Electrochemical Characterization 

 The electrochemical properties of rGO/MnO2 

nanocomposites were studied by galvanostatic charge-

discharge (GCD), electrochemical impedance 

spectroscopy (EIS), cyclic voltammetry (CV), and 

retention measurements using a PalmSens4 potentiostat 

and PSTrace BETA 5.10 application. The tests were 

conducted in 1M H2SO4 solution. A three-electrode 

setup was used for the measurements Chebrolu et al. 

[30]; Ristiana et al. [28]. CV testing was carried out to 

determine the supercapacitor mechanism by looking at 

the cyclic shape of the material in the potential range of 

0 - 1 V at various scan rates of 5, 10, 25, 50, 75, and 100 

mVs−1. GCD testing was performed to calculate specific 

capacitance (Cs), energy density (E), and power density 

(P) at various current densities of 0.5, 1.0, 2.5, 5.0, 7.5, 

and 10.0 A g−1. EIS testing was conducted in the 

frequency range of 0.1 Hz to 10 kHz.  

 In GCD testing, the results of charging and 

discharging analysis are used to calculate specific 

capacitance (Cs), energy density (E), and power density 

(P). Retention testing is carried out to determine the 

ability of supercapacitors to maintain capacitance and 

performance during repeated charge and discharge 

cycles Seman et al. [31] so that supercapacitors can be 

used effectively in long-term applications without 

experiencing a significant decrease in work Hsiao et al. 

[32].  

 

Results and discussion 

 This study presents a green, one-step 

hydrothermal synthesis of reduced graphene 

oxide/manganese dioxide (rGO/MnO₂) nanocomposites 

using banana peel extract as a natural reducing agent. 

The process simultaneously reduces graphene oxide 

(GO) and facilitates the nucleation of MnO₂ 

nanostructures through a redox reaction between 

KMnO₄ and the carbon framework of GO in an 8M HCl 

acidic medium. The acidic environment plays a crucial 

role in controlling the morphology and crystallinity of 

MnO₂ Dong et al. [33]. At the same time, bioactive 

compounds in the banana peel extract (e.g., flavonoids, 

ascorbic acid) contribute to the efficient reduction of GO 

to rGO Buasuwan et al. [34]. Under acidic conditions, 

the nucleation reaction follows the Eq. (1):  

 

4KMnO4+3C+4HCl → 4MnO2+3CO2+4KCl +2H2O         (1) 

 

 The MnO₂ nuclei formed then undergo growth 

through a hydrolysis mechanism:  

 

4KMnO4+2H2O → 4MnO2+4KOH+3O2   (2) 

 

The nucleation and growth of the MnO2 structure 

are sensitive to pH, indicating the importance of 

controlling acidic conditions in determining the final 

morphology of MnO2 A’Yuni et al. [35]. XRD 

performed the structural characterization of the samples. 

Figure 2 shows the XRD patterns of GO and rGO/MnO₂ 

nanocomposites synthesized at different hydrothermal 

temperatures.
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Figure 2 XRD patterns of GO, β-rGO/MnO2 140 °C, γ − rGO/MnO2 160 °C, α- rGO/MnO2 180 °C. 

 

 

 The XRD pattern of GO shows a characteristic 

peak at 10.65°, corresponding to the (001) plane, 

confirming successful oxidation with an interlayer 

spacing of approximately 0.892 nm, typical of oxygen-

functionalized graphene sheets Hamade et al. [36]; 

Ristiana et al. [28]. After reduction and composite 

formation with MnO₂, sharp and well-defined 

diffraction peaks appear, indicating the formation of 

crystalline MnO₂. At 140 °C, the composite exhibits 

peaks at 2θ values of 18.46°, 29.88°, 31.3°, 33.86°, 

44.5°, 49.66°, and 58.7°, attributed to the (020), (130), 

(200), (131), (141), and (111) planes, respectively, 

corresponding to the β-MnO₂ (pyrolusite) phase 

(tetragonal, space group P 42/m n m) Yugambica et al. 

[37]. The relatively low peak intensity indicates 

incomplete crystallization, consistent with previous 

studies reporting limited crystallinity at lower 

hydrothermal temperatures. 

 At 160 °C, the XRD pattern shows improved 

crystallinity with sharper and more intense peaks at 2θ 

values of 18.94°, 28.58°, 31.42°, 44.48°, 48.08°, and 

63.18°, corresponding to the (120), (110), (131), (002), 

(111), and (002) planes, respectively, confirming the 

formation of a stable γ-MnO₂ phase (tetragonal, JCPDS 

0440141) Yugambica et al. [37]. At 180 °C, the 

composite exhibits the highest crystallinity with very 

sharp and intense peaks at 2θ values of 14.66°, 27.12°, 

32.58°, 42.65°, 60.52°, and 63.26°, corresponding to the 

(110), (130), (211), (020), (220), and (002) planes, 

respectively, confirming the formation of the α-MnO₂ 

phase (tetragonal, space group I4/m). The disappearance 

of the GO peak in all composites confirms successful 

reduction to rGO, while the emergence of broad peaks 

at 23° - 25° (002) and 40° - 42° (200) indicates 

successful reduction to rGO, with the broad nature of 

these peaks suggesting the formation of disordered few-

layer rGO with reduced interlayer spacing and partial 

restoration of the π-conjugated system Rusi and Majid 

[38]. 

 The reduction in XRD peaks at 180 °C compared 

to 140 and 160 °C is due to increased aggregation and 

larger MnO₂ crystal size, resulting in decreased intensity 

and broader diffraction peaks. This is in line with 

research conducted by Rani et al. [39] showing that at a 

hydrothermal temperature of 180 °C, MnO₂ particle 

agglomeration and partial degradation of the rGO 

structure occur, causing broadening of the XRD 

diffraction peak and a decrease in intensity, indicating 

damage to the crystallinity of the nanocomposite Rani et 

al. [39]. In addition, high temperatures can cause partial 

degradation of the rGO structure, which further reduces 

its contribution to the diffraction peak. These structural 

changes explain the lower electrochemical performance 

of the nanocomposite at 180 °C compared to lower 

temperatures Ingole et al. [41]; Mohamad [40].
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Figure 3 SEM morphology of rGO/MNO2 at (a) 140 °C, (b) 160 °C, and (c) 180 °C; particle size distribution of 

rGO/MnO2, (d) 140 °C, (e) 160 °C, and (f) 180 °C. 

 

 Morphological analysis using SEM (Scanning 

Electron Microscopy) on the rGO/MnO₂ composite 

shows significant structural changes as the hydrothermal 

temperature increases. At a hydrothermal temperature of 

140 °C as shown in Figure 3(a), MnO₂ particles can be 

seen with a relatively large round to oval shape with a 

rather smooth and compact surface. The particle size in 

this condition tends to be non-uniform with uneven 

distribution over the rGO surface. This is consistent with 

the research of Wang et al. [42] who reported that low 

hydrothermal temperatures produce MnO₂ particles with 

sizes varying between 320 nm distributed on rGO sheets 

Wang et al. [42]. 

 Increasing the hydrothermal temperature to 160 

°C, as seen in Figure 3(b), shows a noticeable 

morphological transformation, where the MnO₂ 

particles become smaller and better dispersed on the 

rGO surface. The structure formed shows the 

characteristics of particles with a more irregular shape 

and aggregated with each other to form a spongy 

structure. This phenomenon is by the findings of 

Rondiya et al. [43], who observed that MnO₂ nanorods 

have a width ranging from 5,070 nm with an average 

length of 1 μm under optimal synthesis conditions 

Rondiya et al. [43]. The improvement in particle 

dispersion at this temperature indicates a better 

interaction between MnO₂ and the rGO matrix. 

 At the highest hydrothermal temperature of 180 °C 

seen in Figure 3(c), the morphology of the composite 

shows the most homogeneous structure with very small 

MnO₂ particles evenly distributed across the rGO 

surface. The structures formed exhibit nanoflower-like 

characteristics with minimal aggregation, suggesting 

that high temperatures facilitate the formation of more 

organized crystal structures. Research by Lozano-

Steinmetz et al. [44] confirmed that rGO/MnO₂ 

composites with optimized morphology show improved 

thermal properties due to the 2D structure of rGO, which 

has a thermal conductivity two orders of magnitude 

higher than the metal oxide Lozano-Steinmetz et al. 

[44]. This change in morphology is also in line with 

XRD results that show an increase in crystallinity at the 

same temperature, indicating a close relationship 

between crystal structure and surface morphology in 

determining the properties of composite materials. 

 The particle size distribution processed using 

Gaussian fitting shows that each rGO/MnO₂ sample 

shows a different particle size distribution at synthesis 

temperatures of 140, 160, and 180 °C. The Gaussian 

distribution on the particle size histogram provides a 

statistical description of the average particle diameter 

(daverage) and the level of uniformity (polydispersity) of 

the particles formed. At 140 °C, the average particle size 

was recorded at 98.42 nm, with a relatively wide and not 

very symmetrical distribution, indicating a considerable 
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variation in particle size. At 160 °C, the average particle 

size decreased to 78.30 nm, and the distribution 

appeared narrower, indicating more uniform particles. 

While at 180 °C, the average particle size decreased 

again to 67.23 nm with a better and symmetrical 

Gaussian distribution, indicating a higher level of 

uniformity. 

The use of the Gaussian approach in SEM analysis 

is essential to understand the characteristics of the 

particle size distribution, as a near-Gaussian distribution 

signifies a controlled synthesis process and produces 

particles of uniform size Lin et al. [46]; Peng et al. [45]. 

A narrow, near-Gaussian particle size distribution can 

improve the functional properties of the material, such 

as high specific surface area and good interphase 

contact, thus greatly supporting the performance of 

rGO/MnO₂-based supercapacitor electrodes (Lin et al. 

[46]; Shahid et al. [47]. In addition, the Gaussian 

distribution also facilitates statistical evaluation and 

reduction of measurement uncertainty from SEM 

results, so that the results obtained are more 

representative of the actual particle population Chiang 

[48]; Peng et al. [45]. Thus, the analysis of Gaussian-

based particle size distribution from SEM images 

provides important information related to the 

optimization of the synthesis process and the potential 

performance of the material as a supercapacitor 

electrode.

  

 

Figure 4 Cyclic Voltammetry Scan Rate Curves of 100 - 5 mV s−1 rGO/MnO2 temperature (a) 140 °C, (b) 160 °C, and 

(c) 180 °C. 

 

 Cyclic voltammetry (CV) analysis of reduced 

graphene oxide/MnO₂ (rGO/MnO₂) composites reveals 

exceptional electrochemical properties, making them 

promising candidates for supercapacitor electrodes. The 

CV curves exhibit distinct redox peaks at approximately 

0.2 V and –0.1 V (vs. reference electrode), 

corresponding to the reversible Mn²⁺/Mn³⁺ redox 

transition. Notably, the rGO/MnO₂ composite 

demonstrates a significantly enhanced current response 

compared to pristine MnO₂, indicative of improved 

charge transfer kinetics and more efficient utilization of 

electroactive Mn species (Rusi and Majid 2015)[38]. At 

lower scan rates, the composite exhibits pronounced 

pseudocapacitive behavior, characterized by well-

defined Faradaic reactions. However, as the scan rate 

increases, the CV profiles progressively adopt a more 

rectangular shape, suggesting a shift toward capacitive-

dominated charge storage mechanisms Kalaiarasi et al. 

[49]. 

 The results of cyclic voltammetry (CV) testing on 

rGO/MnO₂ electrodes at various hydrothermal 

temperatures show typical electrochemical 
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characteristics for supercapacitor applications. At 140 

°C, as shown in Figure 4(a), the CV curve of β-

rGO/MnO₂ shows a near rectangular shape at various 

scan rates, indicating good capacitive behavior and 

efficient charge storage capability Yugambica et al. 

[37]; Saravanan et al. [50]. The 140 °C calcination 

temperature maintains the ideal rGO/MnO₂ 

heterostructure, where MnO₂ particles are evenly 

distributed on the rGO surface without excessive 

agglomeration Çepni and Öznülüer [51]. At this 

temperature, the material achieves an optimal balance 

between structural integrity and electronic interaction, 

facilitating efficient electron transfer and reversible 

Faradaic processes, despite the moderate crystallinity of 

MnO₂. This results in superior supercapacitor 

performance, characterized by high current 

responseandstable charge storage. 

In contrast, the γ–rGO/MnO₂ composite 

synthesized at 160 °C, as shown in Figure 4(b), 

demonstrates improved MnO₂ crystallinity and more 

uniform particle distribution on rGO sheets, yet exhibits 

a reduced CV area compared to the 140 °C sample. This 

suggests that higher temperatures ma compromise 

interfacial interactions between rGO and MnO₂, leading 

to lower current density while retaining capacitive 

behavior and electrochemical stability. 

The increase in MnO₂ crystallinity and specific 

surface area at 180 °C is consistent with the results of 

research conducted by Shinde et al. [52], which shows 

that at this temperature, even though crystallinity 

increases, excessive agglomeration can limit 

electroactive sites and ion access, which affects charge 

storage capacity Shinde et al. [52]. This trend is 

supported by previous studies. In this study, the absence 

of such additives and the dominance of the α-MnO₂ 

phase at 180 °C contribute to the observed trend, 

aligning with the majority of the literature on 

hydrothermal synthesis of MnO₂-based composites Ran 

et al. [53]. 

These findings underscore the critical role of 

hydrothermal temperature in tailoring the structural, 

interfacial, and electrochemical properties of 

rGO/MnO₂ composites. 140 °C emerges as the optimal 

condition, maximizing capacitive performance by 

balancing conductivity, redox activity, and 

nanostructural synergy.

 

 

Figure 5 GCD analysis graph (a) β - rGO/MnO2 140 °C, (b) γ - rGO/MnO2 160C, (c) α - rGO/MnO2 180 °C, and (d) 

GCD graph at potential range of 0.5 A g−1. 

 

 Galvanostatic charge–discharge (GCD) is a 

widely used method to evaluate the electrochemical 

performance of energy storage electrodes. The GCD 

profiles of rGO/MnO₂ nanocomposites synthesized at 
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140, 160, and 180 °C (Figure 5) exhibit distinct 

voltage–time characteristics at various current densities 

(0.5, 1, 2.5, 5, 7.5, and 10 A g⁻¹). The profile at 0.5 A g⁻¹ 

is notably different, showing a longer discharge time 

and higher specific capacitance compared to higher 

current densities. This behavior occurs because, at lower 

current densities, ion diffusion and redox reactions 

proceed more completely, allowing maximum access to 

the active sites within the nanocomposite. In contrast, at 

higher current densities, ion diffusion is limited, and 

only the outer surface of the material participates in 

charge storage, resulting in shorter discharge times and 

reduced capacitance Apriwandi et al. [54]. 

 This trend is consistent with previous studies, 

where the specific capacitance of rGO/MnO₂ 

composites typically decreases with increasing current 

density due to restricted ion diffusion and higher internal 

resistance at elevated currents Ristiana et al. [28]. The 

GCD curves for all samples remain relatively 

symmetric, indicating good reversibility and high 

coulombic efficiency. The nearly linear shape of the 

curves suggests a dominant electric double-layer 

capacitance (EDLC) mechanism, with minor curvature 

indicating a contribution from pseudocapacitance due to 

MnO₂ [49]. The clear difference observed at 0.5 A g⁻¹ 

highlights the excellent electrochemical kinetics of the 

nanocomposite at low current densities, which is 

characteristic of high-performance supercapacitor 

electrodes. 

 In particular, higher current densities result in 

steeper slopes in the GCD curves. By carefully studying 

these GCD characteristics, the specific capacitance of 

the supercapacitor can be determined using Eq. (3) 

Peçenek et al. [55]: 

 

𝐶𝑠 =  
𝐼 × ∆𝑡

𝑚 × ∆𝑉
                 (3) 

 

where m is the mass of the active electrode material, ΔV 

is the potential window in which the GCD measurement 

is recorded, I is the current applied during the GCD 

measurement, and Δt is the discharge time of the 

supercapacitor.

 

 

Figure 6 (a) Specific capacitance vs. current density and (b) Ragone plot of β-rGO/MnO2 composites at 140 °C, γ-

rGO/MnO2 at 160 °C, and 𝛼-rGO/MnO2 at 180 °C. 

 

 In Figure 6(a) the β-rGO/MnO2 140 °C electrode 

produces the highest specific capacitance of 601.41 F 

g−1 at a current density of 0.5 A g−1. At γ-rGO/MnO2 160 

°C, the specific capacitance value is much lower than 

that of β-rGO/MnO2 140 °C at all current densities, with 

the highest value of only 147.69 F g−1. However, at 180 

°C, α-rGO/MnO₂ has a higher value than γ-rGO/ MnO₂ 

at 160 °C, which is 549.09 F g−1. β-rGO/MnO₂ at 140 

°C has a higher specific capacitance value compared to 

materials hydrothermally synthesized at higher 

temperatures. This phenomenon can be attributed to the 

stability of the structure and optimal pore distribution at 

lower hydrothermal temperatures Taer et al. [56].  

 GCD tests at several power densities were 

performed to plot the Ragone plots presented in Figure 

6(b). At a power density of 0.2 W g−1, rGO/MnO2 140 
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°C shows a high energy density of 249.89 W s g−1, while 

rGO/MnO2 160 °C shows a lower energy density of 

72.08 W s g−1. However, the rGO/MNO2 at 180 °C 

shows a better value than the 160 °C, namely an energy 

density of 249.56 W s g−1. The relatively small IR drop 

in all material variations indicates low internal 

resistance, which indicates good ionic and electronic 

conductivity Kalaiarasi et al. [49]; Taer et al. [56]. This 

is very important for practical applications because the 

low internal resistance will improve the energy 

efficiency and power density of the supercapacitor 

device. The stable GCD profile over a wide range of 

current densities also indicates good electrochemical 

stability, which is a critical parameter for long-term 

applications Wang et al. [42]; Zhang et al. [58].

 

 

Figure 7 Nyquist plot of β-rGO/MnO2 composite material at 140 °C, γ-rGO/MnO2 at 160 °C, and 𝛼-rGO/MnO2 at 180 

°C. 

 

 The results of the Electrochemical Impedance 

Spectroscopy (EIS) test are shown in Figure 7. β-rGO / 

MnO₂ 140 °C has a clearer semicircle and almost forms 

a semicircle on the Nyquist plot compared to samples at 

160 and 180 °C. The semicircle on the Nyquist plot 

describes the electron transfer resistance (Rct) at the 

interface of the electrode and electrolyte. The smaller 

the diameter of the semicircle, the lower the Rct value, 

indicating a more efficient charge transfer process at the 

electrode Kalaiarasi et al. [49]. The β-rGO/MnO₂ at 140 

°C exhibits prominent semicircle characteristics, 

indicating a balance between charge transfer resistance 

and double-layer capacitance. This indicates that the 

electrode at 140 °C has an optimal structure and 

interface contact, so that the redox process and charge 

storage are more effective. This phenomenon is in line 

with reports in international journals, where rGO/MnO₂ 

nanocomposites can improve supercapacitor 

performance through a combination of electrical double 

capacitance from rGO and pseudocapacitive 

capacitance from MnO₂ Rusi and Majid [38]; Kalaiarasi 

et al. [49]. 

 The green synthesis approach utilizing banana 

peel waste as a reducing agent not only aligns with 

circular economy principles but also offers significant 

cost advantages compared to conventional methods that 

rely on hazardous chemicals. Banana peel is an 

abundant and low-cost agricultural waste, widely 

available in tropical regions, which reduces raw material 

expenses and minimizes environmental impact. The 

extraction and synthesis processes require only basic 

laboratory equipment, further lowering operational 

costs. The resulting rGO/MnO₂ nanocomposites 

demonstrate competitive electrochemical performance, 
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as shown in Table 1, highlighting the efficacy of 

temperature-controlled phase engineering in enhancing 

energy storage metrics. This cost-effective and 

environmentally friendly approach underscores the 

potential of banana peel-based supercapacitor systems 

as a sustainable alternative for future energy storage 

technologies, supporting both economic and ecological 

goals.

 

Table 1 The specific capacitance values of rGO/MnO2 electrodes are reported in references. 

Synthesis method 
Spesific capacitance  

(F g−1) 

Current density 

(A g−1) 
References 

rGO/MnO2 Hydrothermal (nanorod) 398 1 Salamon et al. [24] 

rGO/MnO2 Electrodeposition + EPD 432 0.5 Kang et al. [59] 

CNT/rGO/MnO2 404 1 Lu et al. [60] 

rGO/MnO2 greensynthesis hydrothermal 

method 
601, 41 0.5 This work 

 

Conclusions 

 This study successfully demonstrates a green, one-

step hydrothermal synthesis of reduced graphene 

oxide/manganese dioxide (rGO/MnO₂) nanocomposites 

using banana peel extract as a natural reducing agent. 

The use of banana peel waste not only aligns with 

sustainable and environmentally friendly principles but 

also offers an effective approach to reducing hazardous 

chemical usage in nanomaterial synthesis. Structural 

and morphological analyses confirmed the formation of 

distinct MnO₂ phases and morphologies at different 

hydrothermal temperatures, with XRD and SEM results 

indicating that the synthesis temperature critically 

affects the composite’s crystalline phase and 

nanostructure.  

 Electrochemical characterization revealed that the 

rGO/MnO₂ nanocomposite synthesized at 140 °C 

exhibits the highest specific capacitance (601.41 F g⁻¹ at 

0.5 A g⁻¹), outperforming those synthesized at 160 and 

180 °C. This superior performance is attributed to the 

optimal phase and morphology achieved at this 

temperature, which enhances electrochemical activity 

and charge storage capability. The results highlight the 

potential of banana peel-derived rGO/MnO₂ 

nanocomposites as high-performance, eco-friendly 

electrode materials for next-generation supercapacitors. 

 Overall, this research provides a significant 

contribution to the development of sustainable energy 

storage materials by integrating green chemistry with 

advanced nanotechnology. The findings demonstrate 

that biomass waste valorization through green synthesis 

routes can yield high-quality functional materials, 

supporting the advancement of environmentally 

responsible energy solutions. However, further studies 

are needed to optimize the scalability of the synthesis 

process, enhance long-term cycling stability under real-

world conditions, and refine electrode architecture for 

higher energy density. Additionally, the impact of 

varying banana peel sources and extraction methods on 

the properties of nanocomposites should be 

systematically investigated to ensure reproducibility and 

consistency. Addressing these limitations will be crucial 

for improving the performance and practical 

applicability of banana peel-based supercapacitor 

systems. 
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