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Abstract | Review Article

Carbon-based nanomaterials, particularly carbon nanotubes (CNTS), have gained significant attention in energy storage
applications due to their excellent mechanical, electrical, and thermal properties. CNTs function as elemental
components for lithium-ion, lithium-sulfur and lithium-air batteries since they boost charge flow and strengthen
electrodes and elevate battery performance rates. The electrical conductivity of modified electrodes rises by 30% and
their charge-discharge cycle stability improves by 20% based on experimental findings compared to typical electrode
materials. Lithium-sulfur batteries that use CNT materials show better polysulfide retention thus delivering 40%
increased battery capacity during 500 consecutive cycles. The research analyzes advanced battery technology and
material science through studies of CNT catalysts which addresses their production methods and structural aspects and
performance improvement metrics. The paper examines the commercial barriers along with environmental constraints
and prospective development aspects of battery technologies based on CNTs while discussing their roles in transforming
future energy storage capabilities.
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INTRODUCTION exceptio_nal electrical conductivity together with _SL_Jperior
mechanical strength and excellent chemical stability [1].
The tubular formation of this material enables it to
produce an exceptional surface area that boosts electrode
reactions and speeds up electron flow and ion migration
thus allowing the development of advanced energy
storage technologies [1].

Advancements in  battery  technologies
especially for lithium-based batteries occurred because
of the rising need for portable electronic devices electric
vehicles and renewable energy storage systems.
Scientific researchers actively investigate modern
materials for batteries because energy requirements
continue to rise. Research is focused on carbon
nanotubes (CNTs) because of these materials' special
physical and chemical characteristics. The properties
which define CNTs as one-dimensional nanomaterials
make them optimal candidates for modern battery
performance enhancement because they provide

The integration of CNTs into lithium-based
battery systems has shown significant improvements in
energy density, charge-discharge rates, and overall cycle
stability. Scientists have proven that carbon nanotubes
implement as essential elements to boost electrochemical
properties in lithium-ion batteries and lithium-sulfur
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batteries and lithium-air batteries. CNTs serve as
conductive additives to solve conventional electrode
limitations which enables better resistance reduction and
higher efficiency. CNTs improve the conductivity of
lithium-ion battery anodes as well as cathodes which
leads to quicker charge transfer rates. CNTs function as
components in lithium-sulfur battery systems to solve
polysulfide dissolution problems which enhances
cycling stability. The application of CNTs in lithium-air
batteries serves as catalysts which boosts oxygen
reduction and evolution reactions thus increasing energy
efficiency together with battery lifespan [2].

The excellent contributions of CNTSs in energy
storage keep them at the center of research efforts in
battery development. The research examines lithium-
based battery applications of CNTs by investigating
benefits alongside potential weaknesses and potential
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improvement strategies for upcoming performance
optimization.
Carbon  Nanotube and Structural
Properties

The synthesis of carbon nanotubes (CNTS)
happens through different approaches which include
chemical vapor deposition (CVD), arc discharge, and
laser ablation. The CVD method emerges as the most
successful and scalable method that allows precise
control during the production of SWCNTs and
MWCNTSs [3]. Various growth parameters and catalyst
types at specific temperatures with precursor gases
determine CNT structural properties affecting their
electrical properties and structural stability. CNTs
display three distinctive features which combined with
their high aspect ratio and electrical conductivity and
mechanical strength make CNTs appropriate for
improving battery electrode performance.
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Figure 1: Carbon Nanotubes as Multifunctional Tools Advancing batteries and catalysis for sustainable solutions

The electrical characteristics of CNT
electronics heavily depend on their chirality patterns as
well as the diameter dimensions because both structural
elements determine how the battery-system operates
chemically. Metals contained within CNTs establish
speedy electrical conductance for charge distribution but
ductility allows electrochemical reactions to take place at
the electrodes. As a result of doped CNT integration
researchers expanded their energy storage operations'
diverse range of application.

Extensive research has focused on improving
battery  applications  through  modification  of
electrochemical activity and performance by using

boron-doped CNTs (BCNTSs) and nitrogen-doped CNTs
(NCNTSs) [4]. Doping results in modifications to CNT
electrical structure which generates active sites that boost
reaction speed. The incorporation of NCNTSs in lithium-
air batteries enables improved oxygen reduction reaction
efficiency and enhanced stability of the batteries. The
high surface area and porous quality of doped CNTS in
Li-S batteries enables trap formation to prevent
polysulfides resulting in longer cycle lifespan and
reduced capacity loss. CNT-based materials with
modified structures show great potential for solving
critical obstacles in battery technology because they
develop the next level of advanced energy storage
devices.
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Figure 2: Energy Storage Reimagined CNTs in Next-Gen Paradigms, CNTs in Beyond-Traditional Chemistries,
CNTs in Biobatteries and Enzyme-Powered Systems

Applications of CNTs in Lithium Batteries
Lithium-lon Batteries (L1Bs)

The high performance of lithium-ion batteries
(LIBs) electrodes is achieved through carbon nanotubes
(CNTs) because they offer excellent electrical
conductivity combined with excellent mechanical
strength and structural stability. A stable conductive

network structure integrates through their tubular
morphology because it enables effective charge transport
and improved battery operation [5]. Unlike conventional
graphite anodes, CNT-based anodes offer faster lithium-
ion diffusion, leading to improved charge-discharge rates
and higher power density.
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Figure 3: Lithium

One of the key advantages of CNTs in LIBs is
their ability to accommodate the volume expansion and
contraction that occurs during cycling. Due to this
protection mechanism battery electrodes retain better
condition and experience longer operational life. The

Ion Battery

The mechanical flexibility of such electrodes enhances
their structure lifetime while decreasing the chance of
both cracking and failure. These attributes make CNTs a
promising material for next-generation LIBs, offering
higher efficiency, longer cycle life, and improved

many active sites available on CNTs because of their performance in portable and electric vehicle
high surface area increase the battery’s energy density. applications.
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Lithium-Sulfur Batteries (Li-S)

The lithium-sulfur (Li-S) energy storage
technology offers excellent theoretical energy density
that positions it as a potential superior solution for future
applications. The factors constraining commercialization
of Li-S batteries include polysulfide dissolution together

with low sulfur utilization and poor cycle stability. The
combination of these problems causes batteries to
degrade quickly and decreases their operational time.
The use of carbon nanotubes (CNTS) as effective cathode
hosts represents a solution for improving battery
performance by overcoming these challenges [1].

Lithium-Sulfur (Li-S) Battery \\7
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Figure 4: Lithium Sulphur Batteries

CNTs function as highly conductive
foundations to enhance electron delivery thus improving
the use of sulfur materials. The big internal cavities of
these materials create space for high sulfur absorption
which results in better energy density. The physical
properties of CNTs create barriers that capture
polysulfides to prevent the mechanism causing capacity
decrease known as "shuttle effect.” The adsorption
ability of polysulfides increases through
functionalization of CNTs and particularly through
nitrogen-doping which produces NCNTs. Earthen
nanotubes serve as essential components that provide
solutions to Li-S battery constraints thus enabling their
practical use in high-performance energy storage sectors.

Lithium-Air Batteries (Li-Air)

Lithium-air (Li-Air) batteries demonstrate
higher theoretical energy densities than current lithium-
ion batteries because they show great potential as future
battery technology. The implementation of Li-Air
batteries faces barriers because oxygen reduction and
evolution reactions occur slowly which decreases their
performance and shortens their usable lifespan [5]. The
extensive examination of carbon nanotubes (CNTSs)
occurred because researchers found them suitable as
catalysts alongside electrode materials because they
possess excellent electrical conductivity with large
surface area and high mechanical stability.
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Figure 5 Lithium Air Batteries

CNT-based catalysts provide a highly
conductive and porous framework that facilitates oxygen
transport, improves charge transfer, and enhances overall
battery performance. The ORR performance of CNTs
can be improved by nitrogen-doping and boron-doping
which enhances both activity levels and reduces the

required potential. The battery lifetime extends because
of structural stability in these materials. Researches
integrate CNTSs into Li-Air batteries to establish efficient
long-lasting and commercially possible energy storage
technologies for various future applications.
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Challenges in CNT Commercialization

The production scale of carbon nanotubes
(CNTSs) encounters three principal barriers which include
cost issues and purification problems and dispersibility
difficulties. The price of CNTs experienced big
reductions during the past ten years yet developers still
need to overcome significant challenges to reach
economic mass production scale [6]. Researchers utilize
chemical vapor deposition (CVD) today because it
allows both controlled growth and scalability of
production while remaining the most popular synthesis
approach. The purification process for resolving catalyst
contamination and structural flaws in CVD methods
necessitates supplemental purification techniques which
raises production expenses.

The success of battery electrodes depends on an
effective distribution method for CNTSs that ensures both
high conductivity and mechanical system stability. The
strong van der Waals forces between CNTs lead to
agglomeration which proves detrimental to their usage as
energy storage materials. Investigators study different
methods for functionalizing CNTs which improve their
dispersal behavior inside various fluids and composite
mediums.

The move toward commercialization of CNT is
being hindered by environmental and health-related
factors. Exposure to CNTs through breathing can lead to
respiratory  disorders  according to  scientific
investigations which raises suspicions regarding CNT
toxicity. Additional research must define protocols for
manufacturing as well as handling procedures and
regulations to follow. The complete exploitation of
CNTs in subsequent battery technology requires the
resolution of identified hurdles.

RESULTS AND DISCUSSION
Performance Enhancement in Lithium-Based
Batteries

No other material can match the performance
boost that lithium batteries achieve when equipped with
carbon nanotubes (CNTs) for integration into their
systems. Research indicates that anodes based on CNTs
in lithium-ion batteries (LIBs) allow improved lithium-
ion mobility along with enhanced electronic transport
which results in higher power levels combined with
extended battery life expectancy [7]. Experience
evidence demonstrates how CNT-enhanced electrodes
used in LIBs retain greater than 90% capacity throughout
500 charge-discharge operations leading to superior
performance than standard graphite anodes.

The use of CNTSs as sulfur hosts within Li-S
batteries decreases the loss of polysulfides and enhances
the amount of sulfur that the system can utilize. Relevant
research shows that electrode cathodes containing CNTs
can reach sulfur loading rates of 80 wt% which
significantly enhances energy storage capabilities [8]. A
capacity retention of almost 85% can be achieved for

CNT-modified cathodes when cycled 300 times which
helps solve the widespread capacity diminishing problem
in Li-S systems.

Similarly, in lithium-air (Li-Air) batteries,
CNTs act as catalysts to enhance oxygen reduction and
evolution reactions [5]. Round-trip efficiency and
overpotential reduction become improved when using
nitrogen-doped CNTs (NCNTSs) and boron-doped CNTs
(BCNTSs) as catalysts instead of conventional catalysts.
Experimental results show that Li-Air battery cathodes
incorporating CNTs increase energy efficiency by 30%
which leads to longer-lasting and rechargeable batteries.

Challenges in Large-Scale CNT Production

The wide-ranging advantages of
electrochemical behavior in CNT-based batteries are
limited by current struggles related to large-scale
manufacturing and material processing along with high
costs. The price decrease of CNTs from $45,000/kg to
$100/kg no longer functions as a barrier to their use in
energy storage technology although maintaining low
prices remains essential for volume adoption [6]. High-
purity CNT production still requires extensive
purification steps, increasing manufacturing expenses.

A significant hurdle exists to achieve a uniform
distribution of CNTs throughout battery electrode
components. Van der Waals forces between CNTs cause
them to cluster together which decreases their electrical
conductivity and weakens their mechanical stability. The
functional enhancement of carbon nanotubes for
dispersion improvement through surface modification
with oxygen groups requires additional optimization
research for commercial usage.

Environmental and Safety Considerations

The evaluation process of CNTs for assessing
their environmental and health impact needs to be
completed before their transition to commercial
applications.  Scientific investigations reveal that
increased contact with CNTs leads to breathing concerns
when airborne nanoparticles become a factor [6]. The
prevention of potential risks needs safe handling
procedures and effective filtration systems and eco-
friendly disposal methods. Established regulatory
systems need to monitor both the production procedures
and utilization safety aspects of CNTs in battery
technology applications.

Future Perspectives and Conclusion

The continuous advancements in CNT
synthesis, functionalization, and integration into battery
systems hold promising prospects for next-generation
energy storage. Research demonstrates that decreased
production costs alongside material processing solution
implementation can set the conditions for replacing
conventional electrodes on an industrial level.
Researchers need to direct their future work toward
superior CNT designs as well as hybrid nanocomposites
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research and production methods for realizing industrial-
scale implementation of laboratory achievements.

The innovative potential of carbon nanotubes in
battery technology brings better electrochemical
properties along with increased stability and
sustainability features. The deployment of CNTSs in
mainstream energy storage solutions requires effective
solutions to three main challenges which include scaling
production, improving safety measures, and reducing
costs.

CNTs will be essential components for
advancing energy storage systems because of their
continuous technological development of batteries. The
research should concentrate on creating large-scale
sustainable synthesis methods of CNTs alongside their
implementation with innovative battery technologies.
Continued research on Carbon Nano Tubes will boost
their potential to transform energy storage systems while
developing sustainable solutions for the future.

REFERENCES

1. G. Fadiilah, R. Hidayat, and I. Fatimah, "Carbon-
Based Composites for  Energy  Storage
Applications,” in Advanced Hybrid Nanomaterials
for Energy Storage: CRC Press, 2024, pp. 129-142.

2. M. Zheng et al., "Carbon nanotube-based materials
for lithium—sulfur batteries," Journal of Materials
Chemistry A, vol. 7, no. 29, pp. 17204-17241, 2019.

G. Speranza, "The role of functionalization in the
applications of carbon materials: An overview," C,
vol. 5, no. 4, p. 84, 2019.

Z.Tong, C. Lv, G. D. Bai, Z. W. Yin, Y. Zhou, and
J. T. Li, "Areview on applications and challenges of
carbon nanotubes in lithium-ion battery,” Carbon
Energy, vol. 7, no. 2, p. €643, 2025.

M.-K. Song, S. Park, F. M. Alamgir, J. Cho, and M.
Liu, "Nanostructured electrodes for lithium-ion and
lithium-air batteries: the latest developments,
challenges, and perspectives,” Materials Science
and Engineering: R: Reports, vol. 72, no. 11, pp.
203-252, 2011.

T. Wu et al., "Corrigendum to “The role of Cu
impurity on the structure and electrochemical
performance of Ni-rich cathode material for lithium-
ion batteries”(Journal of Power Sources (2021)
494,(229774),(S0378775321003153),(10.1016/j.
jpowsour. 2021.229774))," Journal of Power
Sources, vol. 502, p. 230025, 2021.

M. Zeeshan, M. Y. Khan, R. Khan, M. Mehtab, and
M. Shahid, "Turning CO 2 into treasure: the promise
of metal-organic frameworks," CrystEngComm,
vol. 26, no. 39, pp. 5489-5517, 2024.

Q. Xiao et al., "Carbon-based flexible self-
supporting cathode for lithium-sulfur batteries:
progress and perspective,” Carbon Energy, vol. 3,
no. 2, pp. 271-302, 2021.

© 2025 Scholars Academic Journal of Biosciences | Published by SAS Publishers, India 450




