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Abstract:

Nanofibers have become a highly important type of one-dimensional nanomaterial in current modern
materials science and applied physics because of their remarkable physicochemical properties. Their very
large surface-area-to-volume ratio, interconnected porous structure, adjustable surface properties, and
high mechanical flexibility allow them to find wide variety of energy-related applications, such as energy
storage devices including lithium batteries and supercapacitors, energy conversion systems including solar
cells and fuel cells, as well as energy harveting systems such as piezoelectric and triboelectric
nanogenerators (1). This paper presents detailed and structured review of the literature for the most
important developments from 2015 to 2025 covering different fabrication technologies including
electrospinning, template-assisted fabrication, and phase separation. The article also presents the
progress in the field of nanofiber materials manufacture including carbon nanofibers, metal oxide
nanofibers and composite materials. The use of nanofiber materials enhances electrochemical
performances, charge transport properties and energy conversion efficiency. Moreover, the article covers
the issues of nanofiber production on a large scale, future perspectives of the technology with respect to
producing nanofibers in the way of Al fabrication, sustainable production methods etc.

Keywords: Nanofibers, Energy Storage, Electrospinning, Supercapacitors, Lithium-Ion Batteries, Fuel
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1. Introduction
The increasing world energy consumption along with environmental issues emerge a strong demand for
sustainable, efficient or high-performance energy system. Traditional materials are unable to satisfy next

generation energy devices due to their large conductivity, poor surface reactivity or rigidity. For this reason,
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nanostructured materials are one of great answers to the issue among them; nanofibers are probably the most
frequently studied type of material (2).

Nanofibers are defined as one-dimensional materials ranging from 1 to 1000 nanometers in diameter. The
properties of materials at such small size are significantly different from original properties. Enhanced charge
mobility, high surface energy or high catalytic activity are some phenomena that do not exist in the bulk form of
the materials. Due to high aspect ratio, nanofibers are able to form interconnected network facilitating charge
transport and ion diffusion in the system.

Nanofibers serve as both active functional materials and structural frames for other electrochemically active
materials in energy systems.

1.1 Global energy demand and sustainability challenges

Today’s dynamic world has seen a rise in energy consumption as a result of industrialization, population growth,
and rapid development of technologies, which have led to a demand for energy sources. As demand increases, so
does the burden placed on energy infrastructures, most of which still depend on fossil fuels for their operation.
The use of fossil fuels as sources of energy brings about its own issues because of the fact that fossil fuel-based
energy systems use fossil fuels and therefore contribute to carbon emissions, pollution, and environmental
degradation. This has prompted many global bodies to advocate for the adoption of renewable and clean energy
technologies that include wind, solar, and hydrogen energy systems among others. The renewable sources may
require more advanced technologies in energy storage and conversion on account of their intermittent nature. In
this regard, the interest in the advanced nanostructured materials which can improve energy efficiency has
increased (3).

1.2 Limitations of conventional energy materials.

When it comes to energy applications, conventional materials have a number of limitations that affect their
performance. The conventional materials are bulk materials, and because they do not offer high surface area, the
rate of the electrochemical processes is low. Furthermore, due to the long path for diffusion of ions, the rate at
which charge or discharge takes place can also be slow. In addition, mechanical stresses associated with repeated
cycling of the devices diminish the lifespan and efficiency of bulk materials. Furthermore, problems associated
with charge separation and low catalytic activity make the use of these materials in solar cells and fuel cells
impossible (4).

1.3 Emergence of nanostructured materials in energy science

Nanostructures have significantly impacted materials science by allowing the manipulation of materials at the
atomic and molecular scales. Nanofibers are special types of nanostructures, which consist of long continuous
fibers with high aspect ratios (5). Some features at the nanoscale include enhancements in electrical conductivity,
surface reactivity, and mechanical capability, which make nanofibers capable of enhancing charge transport,
increasing surface area, and improving electrochemical reactions.

1.4 Definition and unique properties of nanofibers

Nanofibers are fibers with diameters between 1 and 1000 nm. Because of their nanoscale dimensions, nanofibers
exhibit various unique properties that are not seen in bulk materials, including high surface area-to-volume ratio,

porous structure, and charge transport efficiency. The one-dimensional structure allows electron and ion mobility
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to take place along the fiber direction, leading to much lower resistances (6). Nanofibers can be made from
different types of materials including polymers, carbon-based materials, metal oxides, and composite materials.
1.5 Structural advantages for energy applications

The structural configuration of nanofibers is responsible for their functionality in energy devices due to their
porous morphology which results in speedy access of the electrolyte into the structure of nanofibers enhancing
ion diffusion in batteries and supercapacitors. The continuous fiber structure allows conducting electrons through
the material and maintain a minimum resistance in terms of energy loss. Nanofibers can also be modified so that
they can take different structural forms like aligned fibers, random structures, or hierarchical structures. Aligned
structures are especially applicable in piezoelectric devices while hierarchical structures can also be employed in
improving surface reactivity in electrochemical devices (7).

1.6 Functionality

In energy storage systems such as lithium-ion batteries and supercapacitors, nanofibers can contribute to better
performance by helping in minimizing distances for diffusion of ions and maximizing the surface area of the
electrodes for batteries. In the case of batteries, it has been noted that nanofibers can help in preventing expansion
of the electrodes and enhancing cycling stability. While in supercapacitors, the use of nanofibers can allow the
achievement of both double-layer capacitance and pseudocapacitance due to the provision of plenty of active sites
(8). All these will lead to higher energy density, better power density and longer service life in comparison to
conventional materials.

1.7 Role in energy conversion and harvesting systems

Nanofibers have significant technological advances in energy conversion technologies such as solar energy cells
and fuel cells. In solar cells, they increase light harvesting and enhance the speed of electron transport thereby
minimizing losses attributed to recombination. In fuel cells, nanofiber-based membranes ensure better
conduction of protons and lesser crossover of fuel thus making the fuel cells more efficient. In energy harvesting
systems particularly in piezoelectric and triboelectric nanogenerators, nanofibers have the capacity of converting
mechanical energy to electrical energy due to the flexibility of the nanofiber structure and their strong coupling
with the electric field (9).

1.8 Manufacturing and engineering flexibility

Nanofibers are known to have one of the most important advantages of ease of manufacture and tunability in
structure. The electrospinning method is one of the most popular techniques because of its simplicity and
capability to make large scale production. It enables the control of the size, shape, and composition of the
nanofibers (10). But there exist other methods of making nanofibers like the usage of templates and conventional
methods which extend the possibilities of structuring the material.

1.9 Research motivation and future importance

Nanofibers have received growing interest due to their potentials to connect nanotechnology with practical energy
applications. While significant developments have already been accomplished, issues such as production cost,
scalability, and long-lasting properties have yet to be solved. Therefore, current efforts are targeted towards
enhancing nanofiber production methods, creating combinations of nanofibers and developing artificial

intelligence solutions for better material properties optimization.
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2. Review of Literature

Study 1 - Zhang et al,, 2015 (Carbon nanofibers for lithium-ion batteries).

In the present paper. researchers studied electrospun carbon nanofibers as anode materials for lithium-ion
batteries. The goal of their work consisted in achieving better electrochemical performance of carbon nanofibers
using nanoscale design. The innovative structures of carbon nanofibers had a complicated porous network, which
contributed to its high level of conductivity and allowed for creation of continuous channels and pathways for
electrons. High porosity of carbon nanofibers gave a possibility of getting better access to lithium ions and perfect
electrolyte diffusion through nanofibers.

Typically, carbon nanofibers provide better cycling stability and energy capacity levels. This study has shown that
CNFs are characterized by reliable performance and capacity to be used for production of a big number of batteries
atlow cost (11).

Study 2 - Li et al,, 2016 (TiO; nanofibers for energy storage).

The research analyzed the use of electrospun TiO, as a means of fabricating nanofibers for the lithium-ion battery
anode. The morphology of the nanofibers allowed for a continuous path for ions in that the charge transport
resistance dropped significantly in comparison to the cases when the same were obtained in the form of
nanoparticles. The long length provided enhanced conductive electrode-electrolyte contact enabling higher ionic
conductivity. (12).

Moreover, TiO, showed great electrochemical stability even when charged and discharged after a big number of
cycles, which helped to avoid the undesired phenomena such as volume expansion of other anode materials.
Study 3 - Wang et al.,, 2017 (Metal oxide nanofibers for supercapacitors).

The purpose of this study was to investigate the performance of MnO, coated carbon nanofibers as electrode
material for supercapacitors.

Combining MnO, with carbon nanofibers produced a system with synergistic effects as the MnO, provided high
pseudocapacitance while the carbon nanofibers provided good conductivity. The porous structure of nanofibers
facilitated the easy and fast transport of ions while minimizing the internal resistance. In addition, the high surface
area of nanofibers increased the number of active sites for charge storage which contributed to better
performance (13).

Study 4 - Chen et al., 2018 (Nanofiber membranes for fuel cells).

In this research paper, the investigators analyzed electrospun polymer nanofiber membranes considering their
application as proton exchange membranes in fuel cells.

The nanofiber assembly created continuous pathways for proton transport while keeping the mechanical
durability. The porous structure led to a lower fuel crossover, which improved the efficiency of the system. To add,
it was found out that the membranes showed higher mechanical toughness and temperature resistance compared
to the regular polymer membranes. Moreover, the interconnected fiber configuration enabled proper water
management in the fuel cells (14).

To sum up, the nanofiber membranes greatly improve fuel cell performance through better transport of protons,

lower fuel crossover, and higher durability.

Vol. 12(7). July 2026 176



Journal of Science Research International ISSN: 2456-6365

Study 5 - Kumar et al.,, 2019 (ZnO nanofibers for solar cells).

The study investigated the use of ZnO nanofibers in enhancing the performance of different types of dye-sensitized
solar cells by providing a higher degree of light scattering and optical absorption which enabled the active layer
to absorb a large amount of light energy. In addition, these nanofibers had a very high surface area which led to
increased dye loading and thereby improved light harvesting efficiency (15).

According to the results obtained in the study, it was concluded that ZnO nanofibers can effectively improve
photovoltaic efficiency by enhancing both the optical and electronic processes involved in the solar energy
conversion system based on the use of dye-sensitized solar cells.

Study 6 - Smith et al., 2020 (PVDF piezoelectric nanofibers).

A thorough investigation has been carried out in relation to PVDF nanofibers in terms of piezoelectric energy
harvesting.

It has been realized that the main consideration is that the use of nanofiber alignment enhances dipole orientation
and thus piezoelectric output. The mechanical deformation of the fibers creates an electrical signal through the
effect of the piezoelectric effect. Nanofiber mats also provide flexibility and stability, which makes them
appropriate for energy generation in wearable applications. Additionally, composite doping methods also perform
in improving the piezoelectric sensitivity of these materials (16).

In conclusion, it can be stated that PVDF nanofibers show good results in mechanical to electrical energy
conversion because nanofibers alignment is an important factor in optimizing energy conversion performance.
Study 7 - Zhao et al,, 2021 (Hierarchical carbon nanofibers for supercapacitors).

This paper discussed the development of multi-level porous carbon nanofibers for advanced supercapacitor
applications.

The innovative porous structure is believed to increase the rate of ion transport by introducing different types of
pores including mesopores and macropores into the system. The connection of the porous structure enables a
more efficient conduction of charge. Having a high specific surface area allows a large amount of charge to be
stored, thus enhancing capacitance retention (17).

In conclusion: Multilevel nanofibers can significantly enhance supercapacitor performance by optimizing ion
transport paths and maximizing available surface area.

Study 8 - Lee et al.,, 2022 (Metal oxide nanofibers for batteries).

In this work, we studied NiO and Co30,4 nanofibers as promising electrode materials due to their high capacitance.
The fibers' morphology enhances their mechanical stability during cycling processes, minimizing their structural
degeneration. Due to theoretical high capacity of transition metal oxides, the energy is expected to be stored
without much impairment. However, during the long-term process of cycling, certain problems like volume change
and capacity fading have been noticed (18).

Conclusion: Nanofibers of metal oxides can deliver high capacity in terms of energy storage, but better
optimization of their structural properties can guarantee stable functioning in future.

Study 9 - Ahmed et al,, 2023 (Hybrid nanofiber energy systems).

The research work presented the formulation of hybrid nanofibers made from polymers and carbon
nanomaterials for use in multifunctional energy application. The mix of soft polymers and conductive carbon

materials produced a versatile blend which showed both flexibility and high electrical conductivity (19).
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The hybrid nanofibers were very light and could find applications in electronic wearables, fulfilling multiple
functions in sensing, energy storage and energy conversion.
Conclusion: Formation of hybrid nanofibers represents significant advancement towards multifunctional and
wearable energy systems by blending mechanical and electrical performance.
Study 10 - Patel et al., 2024-2025 (Al-optimized nanofiber fabrication).
The newest research presented the use of artificial intelligence-assisted electrospinning for the creation of
nanofibers.
Al was employed to set the operating conditions of the electrospinning process in order to achieve high-quality
nanofibers.
The system is going to be convenient in use since the electrospinning parameters can be controlled (20).
As a result, the technique will allow technological possibilities in nanofiber production and hence improve the
quality of the output.
This development is a big advantage for the industry as well.
3. Methodology
The method employed is systematic literature review in order to address the comprehensive and legitimate
analysis of nanofiber based energy applications. It summarizes the method of identification, classification and
rigorous examination of relevant studies published in between 2015 and 2025 including experimental, theoretical
and review-based writings in the area of materials science and applied physics.
3.1 Data sources and literature retrieval
The various scientific databases have been utilized to find peer-reviewed research works and papers published in
high-ranked journals such as:

o |EEE Xplore (studies on energy systems and devices engineering).

e ScienceDirect (analyses in the field of materials science and nanotechnology).

e SpringerLink (researches regarding nanomaterials and physics).

e  Wiley Online Library (electrochemistry and energetics).

e ACS Publications (studies regarding nanomaterials engineering).
3.2 Review criteria
It ensures that only peer-reviewed research articles, high-impact reviews and experimental works were selected
to provide proper scientific reliability and replication. For the purposes of selection of papers, the corresponding
criteria are:

e  Years of publication from 2015 to 2025

e Having relation with the topic of nanofiber based energy systems

e Experimental data presented

e Studies intends to the area of application where the nanofibers are being used in the processes of energy

storage, conversion and harvesting.

3.3 Analytical framework
The literature is divided into four main sections:

e Energy Storage System (batteries, supercapacitors).

e Energy Conversion System (solar cells and fuel cells).
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e Energy Harvesting System (piezoelectric and triboelectric devices).
e Fabrication Process (electrospinning, template synthesis, etc.).
A comparative analysis was undertaken using the following parameters:
e Specific capacitance (F/g).
e Energy density (Wh/kg).
e Power density (W/kg).
e Conductivity (S/cm).
e  Cycling stability (%).
3.4 Methodology flow diagram
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4. Thematic Main Body

4.1 Fabrication Techniques of Nanofibers

Nanofiber fabrication is a crucial factor that determines structural quality, porosity, conductivity, and overall
energy performance. The synthesis method directly influences fiber diameter, morphology, crystallinity, and

surface functionality.
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Table 1: Fabrication Techniques of Nanofibers

I S N

Electrospinning

Template synthesis

Electric field
stretches polymer
jet into nanofibers

Nanopores guide
fiber formation

Polymer-rich and

O

High scalability,
simple setup

©

Precise diameter
control

O

poor phase
separation Low cost
Molecular ‘I
self-organization High structural
precision
Electrospinning

ISSN: 2456-6365

O

Requires
high voltage

©

Template removal
complexity

©

Poor
uniformity
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Complex control
process

4.1.1

Electrospinning is the most widely used method due to its ability to produce continuous nanofibers with

controlled diameter and morphology. A polymer solution is subjected to a high-voltage electric field, forming a

charged jet that elongates and solidifies into fibers.

Advantages

e Continuous fiber production

e Adjustable diameter (10 nm-1000 nm).

e  Suitable for polymers, composites, and hybrid materials

Limitations

e High voltage requirement

e Sensitivity to humidity and viscosity

e Scale-up challenges
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Figure 1: Electrospinning Process
4.1.2 Template synthesis
Nanofibers are produced through the use of nanoporous molds such as anodic aluminum oxide. The fiber shape is
determined by the pore structure.
4.1.3 Phase separation
The polymeric solutions segregate into rich and poor phases upon drying, resulting in fiber formation.
4.1.4 Self-assembly
The molecules self assemble into fibers due to van der Waals and hydrogen bonding.
4.2 Applications in energy storage
Nanofibers enhance the performances of energy storage devices in terms of charge transport and electrochemical

properties as follows.

Vol. 12(7). July 2026 181



Journal of Science Research International

Electrolyte lons (Li* / Na*)
® W @
. B

Porous Nanofiber Network

\ ( o 19__ ¥ / /7"\
W9 - 5 3 @ . .
o \r 4 ’ /Q (@ Q/J Surface reaction sites
o S oy My &Y
\ *‘“-t\‘ ~ s =

o 3 e\ '+ ]
'o"\r:v(‘_;_‘q -

% e % (@ , Fast ion diffusion paths

F {J B N - Electron conduction
i JZO Q’ \ ; € backbone

Yy v

’ Current Collector

o

Figure 2: Energy Storage Mechanism in Nanofibers

Performance improvements

e Higher specific capacitance

e Faster charge-discharge rates

e Improved cycling stability

e Reduced internal resistance

4.3 Energy conversion applications

ISSN: 2456-6365

Nanofibers play a major role in improving energy conversion efficiency in solar cells and fuel cells.

4.3.1 Solar cells

e Increased light trapping via scattering

e Improved electron transport pathways

e Reduced recombination losses

e Enhanced dye absorption in DSSCs

4.3.2 Fuel cells

e Proton exchange efficiency increases

e Reduced fuel crossover

e Improved catalyst dispersion

e Higher membrane durability

4.4 Energy harvesting applications

Nanofibres are important for boosting energy efficiency in both solar cells and hydrogen fuel cells.

4.3.1 Solar Cells

e Better efficiency due to improved light trapping
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e Better pathways for electrons

e Rreduced recombination losses

e More dye absorption in dye sensitized solar cells
4.3.2 Fuel Cells

e Higher proton exchange efficiency

e Lessfuelloss

e Better dispersion of catalysts

e More durable membranes

4.4 Energy Harvesting
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Nanofibres have many applications in this area due to their flexibility and piezoelectric properties.

4.4.1 Piezoelectric Nanofibres

e Mechanical pressure produces electricity

e Dipolesalign in the fibrous structure to give a better output.

e  Good for the wearable sensors

4.4.2 Triboelectric Nanogenerators

e Electricity is produced because of friction of the surfaces.

e The mats help to achieve better contact area.
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Figure 3: Energy Harvesting Mechanism
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5. Challenges and future directions
5.1 Challenges
(1) Large-scale production
Laboratory electrospinning has been perfected, but large-scale commercial production of electrospun films is
hindered by problems with uniformity and stability.
(2) Material cost
One aspect that contributes to the high cost of producing these films is the requirement for functionalized
expensive materials like carbon nanotubes and metal oxides.
(3) Long-term stability
Repeated cycling causes:
e  Structural degradation
e Conductivity loss
e Mechanical fatigue
(4) Environmental sensitivity
Humidity and temperature affect nanofiber formation and stability.
5.2 Future directions
(1) Al-driven material design
Machine learning can optimize:
e Fiber diameter
e Voltage parameters
e Polymer composition
(2) Green nanofabrication
Use of:
e Biodegradable polymers
e Non-toxic solvents
e Eco-friendly synthesis routes
(3) Hybrid nanofiber systems
Combining:
e Carbon + metal oxides
e Polymers + ceramics
e Conductive + piezoelectric materials
(4) Industrial electrospinning scale-up
Development of:
e  Multi-needle systems
o Needleless electrospinning

e Continuous production lines
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(5) Flexible electronics integration

Applications in:

Wearable sensors
Smart textiles

Biomedical devices

Conclusion

Nanofibers is a breakthrough in energy materials as a combination of critical nanoscale phenomena, structural

flexibility, and multifunctional characteristics. Furthermore, it enables the improvement of ionic conduction in

energy storage, conversion and generation processes and expands the area of application Nanofibers make in the

field of energy materials extend to ion conductive membranes, nano electrodes, and solar cells. Although progress

has been achieved, the global implementation of nanofibers has been limited by such challenges as economic

feasibility and long-term reliability which are remained to be solved.
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