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ABSTRACT  
Moisture-induced degradation remains a critical reliability issue in photovoltaic (PV) modules, 
particularly in humid tropical climates. While biomass-derived carbon materials have been widely 
investigated for electrochemical applications, their use as functional supporting layers in PV modules 
remains limited. This study develops potato-derived carbon nanofibers through moderate-temperature 
carbonization (700 °C, N₂ atmosphere) followed by electrospinning. Structural and chemical properties 
were evaluated using XRD, FTIR, Raman spectroscopy, and BET surface area analysis. Morphology and 
fiber diameter distribution were examined via SEM. Electrical conductivity was measured using a four-
point probe method. Water vapor permeability (WVP) and biodegradation behavior were assessed to 
evaluate durability and moisture regulation capability. The synthesized material exhibits predominantly 
amorphous turbostratic carbon with characteristic D and G Raman bands (ID/IG ≈ 0.92), specific surface 
area of 186 ± 12 m²/g, and electrical conductivity of 3.8 ± 0.4 S/m. Nanofiber diameters range from 72–
108 nm (mean ± SD). Controlled WVP (3200–4100 mg/day/L) and moderate biodegradability (8–12% mass 
loss over 14 days) indicate balanced vapor diffusion and structural integrity. The results demonstrate the 
feasibility of potato-derived carbon nanofibers as sustainable moisture-regulating supporting layers in 
photovoltaic modules. 
Keywords : Biomass Carbon, Electrospinning, Raman Spectroscopy, BET Surface Area, Electrical 
Conductivity, Photovoltaic Durability  
 
1. Introduction  

The rapid global expansion of photovoltaic (PV) technology has significantly contributed 
to the transition toward sustainable energy systems. Despite substantial improvements in 
photovoltaic conversion efficiency, long-term operational stability remains a major challenge, 
particularly in tropical and humid environments(Satria et al., 2025). Moisture ingress is widely 
recognized as one of the most critical factors responsible for photovoltaic module degradation. 
The penetration of water vapor into multilayer PV structures can accelerate corrosion of metallic 
contacts, induce encapsulant deterioration, promote delamination, and reduce overall electrical 
performance(Dayana et al., 2025).  
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In recent years, increasing attention has been directed toward developing sustainable 
materials capable of improving photovoltaic durability while simultaneously reducing 
environmental impacts. Conventional polymer-based supporting layers frequently exhibit limited 
moisture management capability, leading to localized condensation and interfacial degradation 
during long-term operation(Yi et al., 2026). Therefore, advanced porous materials with controlled 
vapor permeability have emerged as promising candidates for moisture regulation within 
photovoltaic systems(Supha et al., 2026). 

Biomass-derived carbon materials have attracted significant interest due to their renewable 
nature, low production cost, environmental compatibility, and tunable physicochemical 
properties(Sohail, 2025). Agricultural residues, lignocellulosic biomass, starch-rich feedstocks, 
and food-processing wastes have been successfully converted into porous carbon structures for 
applications in energy storage, catalysis, environmental remediation, sensors, and advanced 
functional materials(Yeamsuksawat et al., 2023). The ability to tailor pore structure, surface 
chemistry, electrical conductivity, and mechanical properties through carbonization processes has 
further expanded the potential applications of biomass-derived carbons(Singh et al., 
2023).Among various biomass resources, potatoes represent a particularly attractive carbon 
precursor because of their high starch content, relatively homogeneous composition, low ash 
concentration, and favorable carbonization behavior(Jeong et al., 2024). Previous investigations 
have demonstrated that potato-derived carbon materials can achieve significant porosity and 
electrical conductivity suitable for supercapacitors, batteries, and microbial fuel cells. However, 
most reported studies have primarily focused on electrochemical energy-storage applications, 
while the utilization of potato-derived carbon materials for photovoltaic durability enhancement 
remains largely unexplored(Dayana et al., 2024). 

Electrospinning technology provides a versatile approach for fabricating continuous 
nanofiber networks with controllable morphology, high surface area, interconnected pore 
structures, and excellent structural flexibility(Fachredzy et al., 2026). Electrospun carbon 
nanofibers possess unique characteristics that can facilitate controlled moisture transport while 
maintaining structural integrity. These properties make them attractive candidates for 
multifunctional supporting layers in photovoltaic modules where moisture regulation and 
mechanical stability are simultaneously required(Lopes et al., 2026).Although biomass-derived 
carbon nanomaterials have been extensively investigated, several research gaps remain. First, 
studies exploring potato-derived carbon nanofibers as functional supporting layers for 
photovoltaic modules are extremely limited. Second, the moisture-regulating functionality of 
carbon nanofiber structures has not been systematically evaluated for photovoltaic applications. 
Third, most reported biomass-derived carbons require high-temperature carbonization and 
chemical activation, which increase energy consumption and environmental burden(Idris et al., 
2026). 

Therefore, this study aims to develop potato-derived carbon nanofibers through moderate-
temperature carbonization and electrospinning techniques and evaluate their structural, 
morphological, surface, electrical, and moisture-regulation properties. The novelty of this work 
lies in repositioning potato-derived carbon nanofibers from conventional electrochemical 
applications toward sustainable moisture-regulating supporting layers for photovoltaic modules. 
The findings provide new insights into the multifunctional utilization of biomass-derived carbon 
nanostructures for renewable energy systems. 
 
2. Literature Review  
Biomass-Derived Carbon Materials 

Biomass-derived carbon materials have emerged as a major class of sustainable 
engineering materials due to their abundance, renewability, and low environmental 
impact(Beissenov et al., 2024). Carbon materials produced from agricultural biomass generally 
exhibit hierarchical pore structures, tunable surface chemistry, and moderate electrical 
conductivity. Such characteristics have enabled their application in supercapacitors, batteries, 
catalysts, adsorbents, sensors, and environmental remediation technologies (Straten et al., 2025). 

Recent developments in biomass valorization have demonstrated that carbon materials 
derived from food-processing waste can achieve physicochemical properties comparable to those 
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obtained from conventional synthetic precursors. The use of biomass resources further supports 
circular-economy strategies by converting agricultural waste into value-added functional 
materials(Medina-Jaramillo et al., 2025). 
 
Potato-Derived Carbon Materials 

Potatoes contain substantial amounts of starch, cellulose, hemicellulose, and carbon-rich 
organic compounds suitable for carbon-material production. Previous studies have reported the 
successful synthesis of porous carbons from potato peels and potato waste through carbonization 
and activation processes(William et al., 2022). These materials have shown promising 
performance in electrochemical energy-storage applications due to their high surface area and 
favorable pore distribution. 

However, most reported investigations emphasize capacitance enhancement, charge-
storage mechanisms, and electrode performance. The structural utilization of potato-derived 
carbon materials for photovoltaic applications remains largely unexplored(Kuc et al., 2024). 
 
Electrospun Carbon Nanofibers 

Electrospinning is a widely utilized nanofabrication technique capable of producing 
continuous fibers with diameters ranging from several nanometers to micrometers. Carbon 
nanofibers fabricated through electrospinning exhibit interconnected porous structures, high 
aspect ratios, controllable morphology, and mechanical flexibility(Zhang et al., 2023). 

The porous architecture generated through electrospinning can facilitate vapor transport 
and moisture regulation while maintaining structural stability. These properties make electrospun 
carbon nanofibers attractive for advanced engineering applications requiring multifunctional 
performance(Phuong et al., 2025). 
 
Moisture Management in Photovoltaic Modules 

Moisture accumulation is one of the primary causes of photovoltaic deffydation. Water 
penetration into module structures can initiate corrosion of conductive pathways, deterioration of 
encapsulation materials, and loss of interfacial adhesion. Consequently, moisture-management 
strategies are increasingly recognized as critical components of photovoltaic reliability 
engineering. 

Materials exhibiting controlled water-vapor permeability can potentially reduce moisture 
accumulation by promoting gradual vapor diffusion and minimizing condensation formation. The 
integration of porous carbon nanofiber layers may therefore provide an effective approach for 
improving photovoltaic durability in humid operating environments(Dayana et al., 2025). 
 
Research Gap and Novelty 

Although extensive studies have been conducted on biomass-derived carbons for 
electrochemical applications, the use of potato-derived electrospun carbon nanofibers as 
moisture-regulating supporting layers for photovoltaic modules has not been comprehensively 
investigated. Furthermore, limited information is available regarding the relationship between 
nanofiber morphology, vapor permeability, electrical conductivity, and photovoltaic 
durability(Dayana et al., 2024). 

The present work addresses these gaps by synthesizing potato-derived carbon nanofibers 
through a sustainable moderate-temperature carbonization route and evaluating their suitability 
as multifunctional supporting materials for photovoltaic systems. 
 
3. Materials and Methods 
Biomass Preparation 

The materials used in this study were potatoes obtained from Deli Serdang, North Sumatra, 
Indonesia. All chemicals used were obtained from Sigma, Germany(Dayana et al., 2025). Potatoes 
were washed, sliced, oven-dried (105 °C, 24 h), milled with disk mill machine (<100 µm), and 
used without chemical pretreatment(Dayana et al., 2024; Medina-Jaramillo et al., 2025). 
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Fig. 1. Disk Mill Machine Design 
 
Carbonization 

Carbonization was conducted at 700 °C for 2 h under nitrogen atmosphere (heating rate 5 
°C/min). The inert atmosphere prevents oxidation and promotes development of carbon 
framework(Fachredzy et al., 2026). 
 
Electrospinning 

Carbonized powder was dispersed in a solvent mixture (acetic acid, lactic acid, 
trifluoroacetic acid)(Straten et al., 2025). Electrospinning parameters:Voltage: 20 kV, Flow rate: 
0.5 mL/h,Needle-collector distance: 15 cm, Collector rotation speed: 500 rpm, Ambient 
temperature: 25 ± 2 °C, Relative humidity: 45 ± 5%(Petrichenko et al., 2024). Experiments 
performed in triplicate(Alfei & Zuccari, 2025). 

 

 
Fig. 2. Electrospinning process 

 
Characterization Techniques 

XRD (10–80° 2θ), FTIR (400–4000 cm−1),Raman spectroscopy (532 nm excitation laser), 
BET surface area analysis (N₂ adsorption-desorption at 77 K), SEM (10 kV), Electrical 
conductivity (four-point probe method),Fiber diameters measured using ImageJ (n ≥ 100 
fibers/sample)(Jeong et al., 2024; Ali et al., 2022). 

 
Water Vapor Permeability 

Measured using gravimetric cup method (ASTM E96 adapted)(Dayana et al., 2025). Values 
expressed as mean ± SD(Dayana et al., 2021),(Kumar et al., 2022). 

 
Biodegradation Test 

Mass loss (%) = [(m0 − mt) / m0] × 100. Testing duration: 14 days under controlled 
humidity(Hoffmann et al., 2020; Singh & Biswas, 2025). 
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4. Results and Discussion 
XRD Analysis 

The X-ray diffraction (XRD) patterns of potato-derived carbon nanofibers are presented in 
Figure 3. Broad diffraction peaks centered at approximately 24° and 43° correspond to the (002) 
and (100) crystallographic planes of turbostratic carbon, respectively. The broad nature of these 
reflections indicates a predominantly amorphous carbon structure with limited graphitic 
ordering(Dayana et al., 2025). 
 
 
 

 
Fig 3. The XRD analysis of two potatoes pure and potatoes- mixed 

 
The formation of turbostratic carbon is commonly observed in biomass-derived carbon 

materials synthesized at moderate carbonization temperatures (600–800 °C). At this temperature 
range, partial aromatization occurs while complete graphitization remains limited(Guirguis et al., 
2023). Similar structural characteristics have been reported for potato-derived porous carbons, 
lignin-derived carbon nanofibers, and cellulose-based carbon materials(Lopes et al., 2026). The 
presence of disordered graphitic domains is advantageous for moisture-regulating applications 
because it provides structural stability while preserving sufficient porosity for vapor transport. 

The expanded interlayer spacing associated with turbostratic carbon may further facilitate 
moisture diffusion through the carbon network. Unlike highly graphitized carbons, which 
generally exhibit dense structures and reduced permeability, the partially ordered carbon 
framework obtained in this study offers a balanced combination of mechanical integrity and 
vapor-transmission capability. This structural feature is particularly beneficial for photovoltaic 
supporting layers where moisture regulation rather than maximum electrical conductivity is the 
primary objective(HEMMAMI et al., 2024). 
 
Raman Spectroscopy 

Raman spectra reveal two characteristic bands located near 1350 cm−1 (D-band) and 1580 
cm−1 (G-band), confirming the successful formation of carbonaceous nanostructures(Xi et al., 
2026). The D-band originates from structural defects and disordered carbon domains, whereas the 
G-band is associated with graphitic sp2 carbon networks. 

The measured ID/IG ratio of approximately 0.92 indicates a partially graphitized carbon 
structure with moderate defect density(Al-jamimi et al., 2026). This value is consistent with many 
biomass-derived carbon nanofibers produced through moderate-temperature carbonization. The 
observed defect concentration plays an important role in regulating both moisture transport and 
surface interactions. 

A moderate level of structural disorder can increase the number of active adsorption sites 
available for water molecules. Consequently, moisture can be temporarily adsorbed and gradually 
released through interconnected pore channels. This mechanism is advantageous for photovoltaic 
modules operating in humid environments because sudden moisture accumulation may be 
minimized. 
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Furthermore, partially graphitized domains contribute to electrical conductivity while 
maintaining structural flexibility. The coexistence of graphitic and amorphous regions therefore 
generates multifunctional behavior involving vapor diffusion, charge dissipation, and mechanical 
support. Similar observations have been reported for electrospun biomass-derived carbon 
nanofibers utilized in advanced energy applications(Honcharuk et al., 2024). 
 

 

Fig 4. The Raman analysis of  potatoes- mixed 
 
BET Surface Area and Porosity 

Nitrogen adsorption-desorption measurements indicate a specific surface area of 186 ± 12 
m²/g with a total pore volume of 0.21 ± 0.03 cm³/g(Zhang et al., 2023). The adsorption isotherm 
exhibits Type IV behavior accompanied by an H3 hysteresis loop, confirming the predominance 
of mesoporous structures. 

Compared with activated carbons designed for supercapacitors, the measured surface area 
is relatively moderate(Zhong et al., 2022). However, for moisture-regulating photovoltaic 
applications, extremely high surface areas are not necessarily desirable. Excessive porosity may 
reduce mechanical strength and accelerate structural degradation under long-term environmental 
exposure(Straten et al., 2025). 

The moderate surface area obtained in this study provides sufficient adsorption sites for 
moisture regulation while preserving structural integrity(Dayana et al., 2025). Mesopores 
facilitate vapor diffusion through the nanofiber network, whereas smaller pores contribute to 
temporary moisture retention. Such hierarchical pore structures enable gradual moisture 
equilibration rather than rapid condensation accumulation. Recent studies have emphasized that 
electrospun biomass-derived nanofibers benefit from interconnected mesoporous networks 
because they simultaneously promote transport phenomena and maintain mechanical robustness. 
The BET results therefore support the proposed functionality of the material as a moisture-
regulating support layer within photovoltaic module architectures(Gamage et al., 2022). 
 
 

 

Fig. 5. BET Surface Area and Porosity potatoes- mixed 
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FTIR Analysis 
The FTIR spectra reveal broad O–H stretching vibrations around 3400 cm−1, aromatic 

C=C vibrations near 1600 cm−1, and C–O stretching bands within the 1050–1200 cm−1 
region(Dayana et al., 2025). These functional groups indicate the presence of residual oxygen-
containing surface functionalities after carbonization. 

The reduction in hydroxyl-group intensity compared with raw potato biomass confirms 
dehydration and aromatization during thermal treatment. Nevertheless, the remaining oxygen-
containing functional groups contribute positively to moisture-regulation performance. Surface 
oxygen functionalities can interact with water molecules through hydrogen bonding, thereby 
enhancing moisture adsorption and controlled desorption behavior(Yeamsuksawat et al., 
2023).The coexistence of aromatic carbon structures and residual oxygen groups generates a 
balanced hydrophilic-hydrophobic surface character(Yi et al., 2026). This balance is important 
because completely hydrophobic materials exhibit limited moisture interaction, whereas 
excessively hydrophilic materials may retain excessive moisture and compromise durability. 

 
Fig 6.  Fourier transform infrared (FT-IR) spectra of pure potatoes 

 
 
 
 
 
 
 
 
 
 

Fig. 7.  Fourier transform infrared (FT-IR) spectra of potatoes-mixed 
 
SEM Morphology 

SEM micrographs reveal continuous interconnected nanofiber networks with relatively 
uniform diameter distributions. Average fiber diameters of 72.4 ± 11.6 nm and 108.3 ± 15.2 nm 
were obtained for the investigated systems(Dayana et al., 2025). 

The formation of nanoscale fiber networks is particularly beneficial for vapor transport. 
Small fiber diameters increase the surface-area-to-volume ratio, thereby enhancing interactions 
between water vapor and the carbon surface. Simultaneously, interconnected pores formed 
between neighboring fibers create continuous diffusion pathways throughout the material. 

Previous studies have demonstrated that electrospun carbon nanofibers possessing 
diameters below 200 nm generally exhibit enhanced transport properties due to shortened 
diffusion distances. The diameter range observed in this work falls within the optimal region for 
balancing permeability and structural stability(Dayana et al., 2021). 

Moreover, the absence of significant bead formation indicates stable electrospinning 
conditions and effective precursor dispersion. Uniform morphology contributes to consistent 
vapor permeability across the material, which is desirable for photovoltaic moisture-management 
applications. 
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(a) 

  
(b) 

Fig. 8.  The SEM analysis and the magnetite particles distribution for two different samples (pure 
potatoes (a) and potatoes- mixed (b)) 

 
Electrical Conductivity 

Electrical conductivity measurements yielded values of approximately 3.8 ± 0.4 S/m. 
Although lower than highly graphitized carbon electrodes, this conductivity level is adequate for 
auxiliary electrical functions within photovoltaic module structures(William et al., 2022). 

The observed conductivity originates from partially graphitized carbon domains identified 
by Raman and XRD analyses. Conductive pathways distributed throughout the nanofiber network 
may facilitate dissipation of localized electrostatic charges and reduce charge accumulation at 
material interfaces. 

For photovoltaic supporting layers, the primary function is not energy generation or storage 
but rather structural support combined with environmental protection. Therefore, moderate 
conductivity is advantageous because it provides electrical functionality without requiring 
energy-intensive graphitization processes(Aseel et al., 2022). 
 
Water Vapor Permeability 

Water vapor permeability values ranged from 3200 ± 150 to 4100 ± 210 mg/day/L. These 
values indicate controlled moisture transport capability and demonstrate the effectiveness of the 
interconnected nanofiber structure(Lopes et al., 2026). 

Moisture ingress is recognized as one of the most significant degradation mechanisms in 
photovoltaic modules. Water penetration can induce corrosion, delamination, discoloration of 
encapsulants, adhesion loss, and electrical-performance deterioration. Consequently, materials 
capable of regulating vapor transport are highly desirable for photovoltaic durability 
enhancement. 

The permeability values obtained in this study suggest that the carbon nanofiber layer may 
function as a moisture-buffering medium. Instead of allowing abrupt moisture accumulation, the 
porous network promotes gradual diffusion and redistribution of water vapor. Such behavior may 
reduce localized condensation formation and associated degradation phenomena. 

The combination of mesoporosity, moderate surface area, and interconnected fiber 
architecture appears responsible for the observed permeability performance. These structural 
characteristics collectively support the proposed application of potato-derived carbon nanofibers 
as moisture-regulating supporting layers. 
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Biodegradation Behavior 
Biodegradation testing revealed mass losses ranging from 8–12% after 14 days. These 

results indicate partial environmental degradability while maintaining adequate structural stability 
during the testing period(Zhong et al., 2022). 

The moderate biodegradation rate reflects the coexistence of stable aromatic carbon 
domains and residual biodegradable surface functionalities. Such behavior is advantageous from 
a sustainability perspective because the material retains operational integrity while reducing long-
term environmental burden after disposal(Gamage et al., 2022). 

Compared with many synthetic polymeric support materials, biomass-derived carbon 
nanofibers offer improved environmental compatibility and alignment with circular-economy 
principles. 
 
Proposed Moisture-Regulation Mechanism in Photovoltaic Modules 

Based on the structural, morphological, and permeability results, a moisture-regulation 
mechanism is proposed. Water vapor entering the photovoltaic module initially interacts with 
oxygen-containing functional groups located on the carbon nanofiber surface. Subsequently, 
vapor molecules diffuse through interconnected mesoporous channels distributed throughout the 
nanofiber network(Muchuweni et al., 2022). 

The moderate specific surface area provides temporary adsorption sites, while the 
interconnected pore structure facilitates gradual redistribution and release of moisture. This 
mechanism reduces localized moisture accumulation and minimizes the probability of 
condensation formation. 

As a result, moisture-induced degradation phenomena such as corrosion, delamination, and 
encapsulant deterioration may be mitigated. Since moisture ingress is a major factor limiting 
photovoltaic durability, the incorporation of potato-derived carbon nanofibers could potentially 
contribute to improved long-term reliability, particularly in humid tropical environments(Yi et 
al., 2026). 
 
Comparative Analysis with Previously Reported Biomass-Derived Carbon Materials 
To clarify the positioning and novelty of this study, a comparison with previously reported 
biomass-derived carbon materials is presented in Table 1. 

Table 1 - Comparison of Biomass-Derived Carbon Materials for Energy Applications 

Study Biomass 
Source 

Carbonizatio
n Temp (°C) 

Activatio
n 

Morpholog
y 

Primary 
Application Key Finding 

Hoffman
n et al. 
(2020) 

Potato 
waste 800–900 Chemical 

(KOH) 

Porous 
carbon 
powder 

Supercapacit
or electrode 

High surface 
area for 

electrochemic
al storage 

Din et al. 
(2023) 

Waste 
potatoes 750 None 

Carbon 
fiber 

electrode 

Microbial 
fuel cell 

Enhanced 
electricity 
generation 

Zhang et 
al. 

(2023) 

Agricultur
al biomass 800+ Chemical Carbon 

nanofiber 
Supercapacit

or 

High 
conductivity 

& capacitance 
Straten et 

al. 
(2025) 

Biomass 
residues 850 Chemical 

activation 
Activated 

carbon 
Energy 
storage 

High porosity 
& surface area 

This 
Study 

Potato 
biomass 700 

None 
(chemical

-free) 

Electrospun 
carbon 

nanofiber 

PV 
supporting 

layer 
(moisture 

regulation) 

Moderate 
permeability, 

structural 
compliance, 
sustainable 
processing 

 
As shown in Table 1, most biomass-derived carbon materials reported in the literature focus 

on electrochemical energy storage applications and typically involve high-temperature 
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carbonization (>800 °C) combined with chemical activation to maximize surface area and 
conductivity(Dayana et al., 2025; Straten et al., 2025). In contrast, the present study adopts a 
moderate-temperature carbonization approach (700 °C) without chemical activation, prioritizing 
sustainability and reduced energy consumption(Dayana et al., 2024). Furthermore, while previous 
research emphasizes electrochemical performance, this work repositions potato-derived carbon 
nanofibers toward structural and moisture-regulating roles in photovoltaic modules. This 
application-oriented shift represents a distinct contribution to the field of sustainable carbon 
materials for renewable energy systems. 
 
Comparative Analysis with Previous Studies 

Most previously reported biomass-derived carbon materials were developed primarily for 
supercapacitors, batteries, and electrochemical energy-storage systems. These studies frequently 
employed carbonization temperatures exceeding 800 °C together with chemical activation 
processes to maximize surface area and conductivity(Dayana et al., 2025). 

In contrast, the present study demonstrates that moderate-temperature carbonization at 700 
°C without chemical activation can produce carbon nanofibers exhibiting sufficient structural, 
surface, and transport properties for photovoltaic-support applications. While the measured 
surface area and conductivity are lower than those of activated supercapacitor carbons, the 
obtained values are appropriate for moisture-regulation functionality. The key novelty of this 
work therefore lies in shifting the application focus of biomass-derived carbon nanofibers from 
electrochemical energy storage toward photovoltaic durability enhancement. This multifunctional 
approach broadens the utilization potential of sustainable carbon materials within renewable-
energy systems and provides a new pathway for biomass valorization(Dayana et al., 2024). 
 
5. Conclusion 

Potato-derived carbon nanofibers were successfully synthesized via moderate-temperature 
carbonization and electrospinning. Raman, BET, and conductivity measurements confirm 
formation of partially graphitized nanocarbon with moderate surface area and electrical 
performance. Controlled vapor permeability and structural integrity demonstrate feasibility as 
sustainable moisture-regulating supporting layers for photovoltaic modules. This work expands 
the functional positioning of biomass-derived carbon nanostructures within renewable energy 
material systems. 
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