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ABSTRACT Triboelectric nanogenerators (TENGs) have emerged as the most promising 
technology for converting mechanical energy into useful electricity in efforts to 
investigate sustainable and energy-efficient energy harvesting systems. However, a 

major consideration is improving the output performance of polymer-based TENG 
devices. In this research, we present a green and cheap method for enhancing the 
triboelectric properties of polyvinyl alcohol (PVA) film by adding porous carbon 
derived from banana pseudostem. The pseudostem is an abundant agricultural 

waste from which the carbon powder is obtained. This bio-carbon is introduced into 
a PVA matrix to establish flexible composite films, which act as the tribo-positive 
layer in a vertical contact-separation mode TENG. The pseudostem carbon enhanced 
the dielectric constant, surface roughness, and charge trapping capacity of the PVA 
composite, thereby increasing the triboelectric outputs. At the optimum 

concentration of carbon powder, the TENG delivers a maximum output voltage of 
25.523 volts, a maximum output current of 1.027 μA, and a maximum power density 
of 10.485 mW/m², all significantly better than PVA. This research opens up another 
avenue for environmentally friendly sustainability. 
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INTRODUCTION 

The urgent need for sustainable and portable 

power supplies on a global scale has led to 

intense research on self-powered energy systems. 

One technology that has been developed is the 

Triboelectric Nanogenerator (TENG). TENGs 

work through contact electrification and 

electrostatic induction and can harvest 

mechanical energy from various sources such as 

human motion, vibrations, airflow, or falling 

water droplets and convert that energy into 

usable electrical energy. TENGs rely on 

triboelectric layers, and the performance of 

TENG is dependent on the triboelectric layers 

used in fabrication. Material selection and surface 

engineering are critical to the development of 

these triboelectric layers [1-7] Polyvinyl alcohol 

(PVA) is one material that has been studied 

previously in triboelectric nanogenerators 

(TENGs). PVA is low-cost, biodegradable, can 

form films, has a tunable chemistry for surface 

modification, and is mechanically flexible, which 

makes it an attractive material for studying 

TENGs. However, pure PVA has poor dielectric 

and poor electron affinity, unless low levels of 

plasticizers are added to improve the properties. 

The most effective way to mitigate these 

performance concerns is to add functional fillers 

to the PVA matrix [8-13]. Functional fillers are an 

effective means of enhancing the dielectric 

properties, charge trapping capability, and 

surface morphology, three important parameters 

when optimizing triboelectric performance. 

Biomass-derived carbon materials offer an 

exciting and eco-friendly, and sustainable way to 

enhance the properties of materials in TENGs 

and other energy harvesting devices. One 

example of under-utilised agricultural waste is 

the pseudostem from a banana or plantain plant, 

which is an under-utilised source of 

lignocellulosic material. These biomass materials 

have the potential to form high-performing, eco-

friendly fillers when processed into carbon 

materials [14,15,16]. In the current work, the 

materials used for the tribo-positive layer are 

PVA and carbon nanoparticles from the banana 

pseudo-stem. An eco-friendly triboelectric 

nanogenerator will be constructed since PVA and 

biomass-derived carbon have biocompatibility, 

hydrophilicity, and a stretchable nature. The 

novelty in the research project is the selection of 

biocompatible and biodegradable materials for 

the tribo-positive layer. The output power of a 

triboelectric nanogenerator with PVA-carbon 

composite (carbon from banana pseudo stem) as 

triboelectric positive layer and PTFE triboelectric 

negative layer is studied. The optimum 

concentration of carbon powder is determined. 

This research represents a sustainable option for 

a small energy requirement, with energy being 

harvested from renewable energy sources. The 

research will set out a sustainable option for 

small-scale power requirements when energy is 

harvested from renewable energy sources. 

MATERIALS AND METHODS 

 

The materials utilized in the present work are 

Polyvinyl alcohol, deionised water, hydrochloric 

acid, Polytetrafluoroethylene (PTFE)/Teflon 

tape, and copper-clad electrodes. All chemicals 

were used as received. The pseudostem used was 

obtained locally and washed in water to clean 

impurities and dirt. Teflon tape was used as the 

negative triboelectric material for each 

experiment. 
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Preparation of carbon from the banana pseudo-

stem 

The banana pseudo-stem was chopped into 

smaller pieces and washed with deionized water 

to remove soil and dust. The pseudo-stem was 

dried at 100 ⁰C for two days in a hot air oven to 

remove moisture. The dry pseudo-stem was 

ground into a fine powder and carbonized in a 

muffle furnace at 800 ⁰C for 4 hours. The carbon 

powder was then washed with 1M HCl and 

deionized water to remove the by-products 

formed during carbonization. The sample was 

filtered and dried in an oven at 80 ⁰C for 2 hours 

to remove any volatile species and moisture. The 

final sample was termed BPS powder. 

Characterization of Carbon Powder 

Powder X-ray diffraction determined the 

structural analysis of the synthesized powder. 

The X-ray diffraction pattern of the powdered 

sample was performed using a Bruker D8 

ADVANCE with DAVINCI operating at 30 kV 

and 10 mA using Cu Kα radiation (λ=1.5418 Å). 

The diffraction pattern was recorded in the range 

of 10°≤2θ≤79° with a step size of 0.02⁰.  

The Fourier Transform Infrared Spectroscopy 

(FTIR) determined the presence of functional 

groups in the sample with a recorded wave 

number range of 4000 to 400 cm-1. The prepared 

samples' FTIR spectra were recorded by 

Thermoscientific Nicolet iS50 instrument using 

the KBr pellet method. 

The EDX analysis was performed to analyze the 

components in the carbon powder. The 

morphological study of the sample was done 

using SEM (Scanning Electron Microscopy) 

analysis, which was performed using a Carl Zeiss 

EVO 18 Research instrument.   

 

 

 

Preparation of triboelectric layer 

A PVA solution was prepared by dissolving 100 

mL of deionized water and 6.67g PVA in a glass 

beaker while stirring continuously at 70⁰C for one 

hour, using a magnetic stirrer with a hot plate. 

Positive triboelectric layers were fabricated by 

applying this PVA solution onto copper-clad 

substrate electrodes. Fabrication of each positive 

triboelectric layer used cleaned and etched 

copper-clad plates that were cut to a 5cm x 5cm 

dimension. The PVA solution was then applied 

to the substrate plates using the Dr. Blade 

technique and allowed to dry in environmental 

conditions for 24 hours. Carbon generated from 

banana pseudo-stem (BPS) was taken in the 

proportions of 10, 15, 20, and 25 wt% to PVA 

powder, and uniformly combined with the 

prepared PVA solution. Subsequently, the 

solution was deposited on cleaned, etched copper 

clad plates to create the triboelectric layers BPS10, 

BPS15, BPS20, and BPS25. The negative 

triboelectric layer was made with the PTFE tape 

wound on copper-clad electrodes.  

Output measurement using the TENG vibrator 

To create a TENG, there are always two 

triboelectric layers, one positive and one 

negative. In this study, the positive triboelectric 

layers were made by coating the prepared PVA 

solutions or PVA-banana pseudo-stem solutions 

onto copper-clad electrodes. The negative 

triboelectric layer was made from Teflon tape 

wound around the copper-clad substrate. The 

TENG was operated in vertical contact separation 

mode, utilizing an in-house fabricated TENG 

vibrator with two plate holders contacting each 

other at a frequency of 1 Hz. The distance 

between the plate holders was set initially at 2cm. 

The positive and negative triboelectric layers 

were attached to the plate holders, and the open 

circuit voltage and short circuit current were 

measured using a source meter (Keithley 2450), 

as shown in Figure 1.
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Figure 1: Measuring TENG output with a Keithley 2450 sourcemeter 

RESULTS AND DISCUSSION 

Characterization of Carbon Nanoparticles 

The XRD pattern of carbon obtained from the 

pseudo stem is shown in Figure 2. XRD of carbon 

shows a broad peak at 260 due to the (002) plane 

corresponding to graphitic planes. Another weak 

broader peak obtained around 430 represents in-

plane diffraction from the hexagonal carbon 

rings. Peaks around 220-300 indicate silica, 

phosphorus, and calcium present in the biomass 

[17,18]. The average crystallite size of carbon 

nanoparticles is found to be 30.2 nm. 

.  

Figure 2: XRD pattern of carbon obtained from pseudo stem 

 

 

The FTIR spectra of carbon obtained from the 

pseudo stem of the banana (Figure 3) show the 

following peaks. The spectrum shows the 

presence of carbon along with traces of elements 

like alumina, silica, and iron oxide [17,18,19]. 
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Figure 3: FTIR Spectrum of carbon obtained from pseudo stem 

Table 1:  FTIR peaks for carbon  from pseudo stem 

 

 

The EDX spectra (Figure 4)  of carbon obtained 

from biomass show the presence of traces of 

oxygen, magnesium, silicon, phosphorus, 

sulphur, and calcium along with carbon. SEM 

image of carbon powder (Figure 5) shows the 

porous nature of biomass-derived powder. 
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Figure 4: EDX analysis of carbon from the pseudo-stem  

 

Figure 5: SEM image of carbon obtained from the pseudo-stem  

Measurement of electrical output: 

Figure 6 represents the peak-to-peak voltage and 

peak-to-peak current of the PVA sample as  

tribopositive layer. Figure 7 represents the peak-

to-peak voltage of BPS10, BPS15, BPS20, and 

BPS25 samples, and Figure 8 represents the peak-

to-peak current of these samples.

 

Figure 6: The variation of open circuit voltage and short circuit current with time for PVA  
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Figure 7: The variation of open circuit voltage with time for different concentrations of carbon powder 

 

Figure 8: The variation of short circuit current with time for different concentrations of carbon    

powder 

 

Table -2 depicts the peak-to-peak voltage,  peak-

to-peak current, and the power density obtained 

for the samples PVA, BPS10, BPS15, BPS20, and 

BPS25. With the addition of nanoparticles to the 

PVA in the tribo-positive layer, the power density 

increased. However, the power density achieves 

its maximum power density for the optimum 

concentration of nanoparticles. The banana 

pseudo-stem has a high fibre content, allowing 

for the production of a very porous carbon 

powder [19]. More pore volume means more 

surface roughness, increasing contact 

electrification. Carbon can increase surface 

charge density. In combination with 

biomaterials, they have a synergistic effect, and 

also increase the mechanical flexibility and 

durability of the composite film [22]. The carbon 

powder was produced through green or 

environmentally-friendly routes, allowing for a 

sustainable way to use waste biomass. The 

carbon powder was embedded into a polymer 

matrix formed with PVA to form a PVA-Carbon 
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nanocomposite to create the tribopositive layer. 

The inclusion of nanoparticles enhances surface 

roughness, dielectric properties, and electron 

affinity for the triboelectric material. However, 

once the concentration of the nanoparticles 

increases to a point greater than their optimal 

concentration, power density decreases for 

higher concentrations of nanoparticles because 

the nanoparticles at high concentrations 

agglomerate, which results in charge being 

collected and also limits the effective surface area 

available for charge transfer.[20,21,4,23]. The 

variation of open circuit voltage and short circuit 

current with time is shown in Figures 7 and 8. 

Porous carbon has been effective at improving 

the dielectric constant, as well as developing 

micro and nanostructures. Additionally, an 

increase in surface roughness results in more 

contact points between the triboelectric layers. 

Therefore, at the optimum concentration of 

carbon powder (15 wt%), the output performance 

of the PVA-based triboelectric layer is maximum. 

At a higher concentration, the energy produced 

by the TENG was considerably lower due to the 

surface roughness affecting the contact between 

the triboelectric layers, which was caused by the 

increase in sample powder concentration. 

Moreover, the presence of carbon affects the 

dielectric constant and, beyond the optimum 

concentration, results in higher conductivity, 

which diminishes effective charge accumulation, 

subsequently lowering the output voltage [24-

26].

  

Table 2: Electrical output obtained for various samples 

 

CONCLUSION 

The study successfully demonstrates that the 

addition of biomass-derived carbon from banana 

pseudostem greatly improves the triboelectric 

behavior of a composite material and 

outperforms conventional materials based on 

PVA in the triboelectric nanogenerator (TENG) 

fabricated. The biomass carbon was produced 

through a controlled pyrolysis of the 

pseudostem, creating a porous structure and 

enhanced surface functionality that all contribute 

to higher charge generation, trapping, and 

retention inside the PVA material. These effects 

were attributed to a dielectric effect from the 

carbon particles, the surface roughness of the 

particles, as well as the improved electrical 

conductivity of the PVA-carbon composite. The 

TENG produced using the carbon-PVA 

composite generated larger output voltages, 

currents, and power densities relative to pristine 

PVA-based systems. An added benefit of the 

carbon composite material was the remarkable 

preservation of material characteristics of both 

flexibility and biodegradability. Therefore, this 

carbon-PVA composite opens a path for usage in 

flexible electronics and wearable sensors, as well 

as in devices for energy harvesting using a 
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biodegradable material that meets sustainability 

demands. Apart from performance measures, 

this work suggests a sustainable solution by 

valorizing agricultural waste as high-value 

functional carbon material. The valorization of 

banana pseudostem aligns with global mandates 

for circular bioeconomy and zero-waste 

technology, at the same time, provides a new 

path for using biomass from the region in 

advanced material possibilities. In summary, 

carbon–PVA composite made from banana 

pseudostem offers an attractive route for next-

generation green TENGs in terms of eco-

friendliness, cost-effectiveness, and efficiency. 

Future efforts could focus on additional tuning of 

the carbon structure, surface chemistry, and 

loading concentration, expanding the limits of 

energy harvesting performance and applications. 
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