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Abstract

Carbon nanotubes (CNTSs), with their notable electric conductivity, mechanical electricity, and high surface region, have
emerged as essential materials in the design of high-overall-performance electricity garage devices. Their particular one-
dimensional structure facilitates rapid electron/ion shipping, enhances electrode structure, and comprises volumetric
changes, making them valuable in lithium-ion, lithium—sulfur, and metal air batteries and bendy super capacitors. CNTs
have shown extensive improvements in power density, cycle lifestyles, and fee functionality either used for my part or in
hybrid structures with graphite, metal oxides, and conductive polymers. Despite these benefits, several challenges hinder
the large-scale software of CNTs. These encompass high manufacturing costs, poor dispersion in composites, weak
interfacial bonding with energetic materials, and aggregation for the duration of fabrication, which adversely influences
electrochemical overall performance and reproducibility. To triumph over those barriers, researchers are employing
scalable and eco-friendly synthesis strategies, consisting of optimized chemical vapor deposition (CVD), and refining post-
treatment approaches to improve purity and shape. Surface functionalization—each covalent and non-covalent improves
compatibility with different materials, even as hybridization techniques beautify electrical pathways and structural
integrity. Recent advances in CNT-based composites show their ability to suppress polysulfide shuttling in Li-—S structures,
boost electrolyte accessibility in bendy super capacitors, and increase mechanical and electrochemical stability beneath
high-performance conditions. The use of 3D CNT frameworks and vertically aligned nanotube arrays has enabled the
improvement of high-loading, binder-unfastened electrodes with superior ion accessibility. Additionally, CNTs display
strong compatibility with emerging stable-nation and gel-based electrolytes, beginning new paths toward compact, safer
strength devices.
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1. INTRODUCTION

1.1 Energy Storage: The Need for Innovation
Innovation Is Needed As developing numbers

of people use electric powered cars (EVs), portable

devices, and renewable power resources, the sector's

electricity consumption is rising. However, the bounds

of present day lithium-ion battery era and the sporadic

nature of renewable power assets have highlighted the
pressing want for excessive-capability, more secure, and
more effective power storage solutions.

1.2 Nanotubes of Carbon: A Multifunctional Material
A Material with Multiple Uses The substance
called carbon nanotubes (CNTSs) has been a leap forward
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in the fields of nanotechnology and electrochemical
energy storage. In addition to serving as conductive
additions, carbon nanotubes (CNTSs) are also utilized as
structural and useful reinforcements in electrode designs
CNTs serve not only as conductive additives But also as
structural and functional reinforcement in electrode
which encompass excessive electric conductivity
thermal balance, tensile energy [1].

1.3 Versatility across Battery Platforms:

Carbon  nanotubes  show  extraordinary
adaptability, with each unique requirements and
difficulties beyond a wide range of energy storage
methods. CNT Lithium ion improves mechanical
strength and electronic conductivity in the battery,
especially in high capacity anode that experiences
significant volumetric expansion during charging charge
cycles. This adaptability allows carbon nanotube to
increase the performance and life of energy storage
systems, especially they become valuable in applications
where materials face sufficient physical stress. Their
unique properties help reduce problems related to
physical decline, which improves general efficiency and
reliability. By acting as a leading scaffolding, CNT
expands life and allows high power density by
guaranteeing stable electric contact and preserving
structural integrity. CNTs solve poly sulfide shuttle
effects, one of the most important problems facing
lithium batteries. CNT reduces capacity loss and
improves coulombian efficiency by allowing continuous
sulfur use and catching poly sulfides dissolved through
their leading and porous structure. This innovative
approach not only improves the performance of lithium
batteries, but also paves the way for more sustainable
energy solutions. Since research continues to discover
the full potential of CNT, the future of energy storage
looks fast as promising, with long -term walking and
more efficient battery technologies on the horizon. In
addition, functional carbon nano pipes (CNTS) provide
chemical conditions for polysulfide species, which
increases the redox may have interferes with unwanted
spread [2].

1.4 Obijective:

This study is to provide a thorough and
organized examination of carbon nano tubes (CNT) -In
energy storage applications. In particular, the goals are
four times: examining multiple methods such as.

1. Carbon nano tubes (CNTS) can improve
electrochemical performance of flexible super
capacitors, lithium-ion battery and lithium
batteries.

2. Integration with today's technology, stability
and production costs.

3. The future provides a research route that
includes structural advances, permanent
production techniques and future activity
strategy.

4. To emphasize interdisciplinary solutions and
provide practical insights that can correct the
development of the next generation of energy
storage systems

2. Challenges in Current Energy Storage Systems:
2.1 Limitations of Conventional Lithium-lon
Batteries:

Their relatively high energy density, extended
cycle life and installed production infrastructure,
lithium-ion battery (LIB) has long dominated the market
for portable devices, electric cars and net storage due to
lithium-ion battery (LIB). But they have important
disadvantages that make them unsuitable for the next
generation of energy requirements. Relatively low
energy density, often between 250 and 300 Wh/kg for, is
a significant error. It limits their capacity to facilitate
long -term energy storage in long -distance electric
vehicles and online applications. In addition, during
Lithia and joy, high capacity electrode content
experiences silicon or nickel -rich oxide a large amount
of change in large quantities. If these ups and downs are
not well controlled, it can lead to mechanical decline,
ability and a short life. Another ongoing problem is
thermal control. Important heat is produced during
charging and high -risk discharge, which increases the
possibility of thermal runway, a condition in which the
battery is uncontrolled and can cause fire or explosions.
Safety is further compromised by dendritic development,
which can puncture the separators and cause internal
short circuits, especially in lithium metal anodes. In
addition, when the fixed-electrolyte interface layer and
electrolyte falls, internal resistance over time, lifetime
and skills are reduced. Together, these difficulties
highlight the requirement for new content and design
approaches that can remove mechanical, thermal and
chemical obstacles for lithium-ion batteries [3].
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Figure 1: Schematic illustration of (a) a conventional lithiumion battery

This article provides a thorough summary of
today's progress in CNT-based energy systems. Design
strategy, synthesis of methods, electrochemical
performance indicators and scalability problems are the
most important areas of its interest. When we look at
diverse research and development of the industry, we
provide a whole manual to develop CNT-based energy
storage units from Lab prototypes for products ready for
consumption [4, 5].

2.2 Barriers in Lithium-Sulfur Battery Technology
Due to natural accessibility, strength and
extraordinarily high theoretical capacity of 1675 mAh/g,
the Lee-S batteries are often considered the next
generation alternative. Despite these benefits, they have
many important obstacles that prevent them from
becoming commercially viable. In order to promote
charge transfer, leading additives must be used as sulfur

is a poor electronic conductor. Second, intermediate
lithium poly sulfides are produced by the chemical
process. These polysulphides are soluble in regular
electrolytes and enter the anode, a process called "Shuttle
Effect". Self -discharge, poorly guilty efficiency and
significant result of capacity disappearance. In addition,
mechanical stress from vital volumetric expansion (~
80%) is sulfur under electrode structures and low cycle
stability.

Creating interconnected leading networks that
facilitate rapid ion spread, equally distributed on the
current and buffer structural changes, and carbon nano
tubes help to achieve this purpose. It has been shown that
their inclusion in the total electrode improves capacity,
cycle stability and general energy efficiency. To use
modern electrode materials fully and get reliable long -
term performance in a high —energy [6].
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Figure 2: Li-Sulphur battery

2.3 Issues with Electrode Stability and lon Transport:

Ensuring electrode integrity and powerful ion
shipping throughout more than one cycles of charging
and discharging is a basic problem in excessive-
performance electricity garage gadgets. High theoretical
capacities are supplied by using advanced electrode
materials consisting of silicon, sulfur, and transition steel
oxides; though, they may be susceptible to massive
volumetric growth and contraction, which leads to

mechanical pressure, particle pulverization, and
electrode delamination. These structural irregularities
motive the electrode matrix's electrical touch to be
disrupted, which increases internal resistance, causes
ability fading, and shortens cycle life. These troubles are
exacerbated by ionic shipping constraints in thick or
densely packed electrodes, wherein gradual lithium-ion
diffusion ends in warm spot improvement, choppy
charge distribution, and hastened electrochemical overall
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performance deterioration. Additionally, parasitic
strategies on the electrode-electrolyte interface and
unstable strong-electrolyte interphase (SEI) layers
decrease average strength density and Coulombic
performance. A complicated answer to those troubles is
supplied by means of carbon nanotubes (CNTSs). Their
inherent electric conductivity ensures a non-stop,
connected network for powerful electron and ion

transport, at the same time as their great mechanical
robustness and flexibility aid in accommodating
volumetric versions in energetic materials. Additionally,
CNTs maintain the electrode—electrolyte interface and
inspire uniform rate distribution, greatly enhancing the
structural integrity, fee functionality, and lengthy-time
period cycle balance of lithium-based battery structures

[7].
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Figure 4: The schematic structure of (a) liquid-electrolyte and (b) solid-electrolyte lithium—sulfur battery

25 The Role of CNTs
Challenges:

Effective reactions for complex problems
discussed above can be found in carbon nano tubes. Their
high underlying conductivity improves speed capacity by
increasing the electron mobility of the cathode and anode
and reduces the resistance. Due to their strength and
mechanical flexibility, they may be suitable for variation
in the amount of active ingredients such as sulfur or
silicon, which reduces electrodes. In addition, CNT Li -
S can be chemically and physically implicate
polysulfides in the battery, cycles can expand life and
reduce the shuttle effect. The large surface area of CNT
improves homogeneous lithium ion current and active
material spread, increasing the performance of lifetime

in  Addressing These

and speed. Therefore, the use of CNT in the general
electrodes is a calculated trick to go beyond economic,
chemical and mechanical barriers in modern energy
storage methods [8].

3. Functional Role of CNTs in Lithium-lon, Lithium-
Sulfur, and Flexible Super Capacitors:
3.1 Carbon Nanotubes in Lithium-lon Batteries
Carbon nanotube (CNT) electrode is essential
for improving mechanical and electrical properties of the
material, which helps to remove the lack of performance
of lithium-ion batteries (LIB). Graphite, which contains
a smooth bicycle behavior, but a limited theoretical
capacity (~ 372 mAh/qg), is usually used for anode in
traditional veneer. Researchers now use alternative
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anode materials, such as silicon, which have a
significantly more theoretical capacity (~ 4200 mAh/g)
to meet the increasing requirement for energy density.
However, under, silicone rigid volumetric fluctuations of
up to 300% undergo, causing pulse -raising and quick
capacity to disappear.

These problems have been reduced successfully
by incorporating CNTs into silicone-based anode. CNT
acts as leading elastic structures that are resistant to
mechanical stress. Materials such as nickel -rich learned
oxide (NCM and NCA), lithium cobalt oxide (LCO) and
lithium -iron phosphate (LFP) are combined with carbon
nanotube (CNT) against the cathode. CNT -s increase

electron mobility in cathode structure, which reduces
internal resistance and improves active physical use. This
increases a long life and specific cycles capacity,
especially in the high-rate charging scenarios. In
addition, the mechanical strength of the CNT is
increasing the electrode structure, prevents particles and
prevents cracks.

Advanced LIBE design including flexible
batteries, fast stream cells and thick electrodes are also
possible of CNTs. CNT thermal control aids reduce the
possibility of developing hot rooms by addressing
concerns and by streamlining electrode structure and
even promoting power distribution [6-9].
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Figure 5: Schematic diagram of discharge capacity versus C rate

3.2 NT-Based Strategies in Lithium-Sulphur Battery:

The use of carbon nano tubes in cathode
composites has a great advantage for the lithium Sulphur
battery. The rapid ability of the sulfur disappears from
reduced conductivity and dissolution of poly sulfides
during the process. To ensure more intensive redox
reactions, CNT provides a leading matrix that increases
electron transport and attaches sulfur particles. Lithium
poly sulfides can be physically contained by their porous

and tubular structure, and can be reduced by chemically
binding CNT for these intermediate products.

In addition, flexible electrodes that can handle
the volumetric expansion of sulfur under the ulitization
of carbon nanotube (CNT) in the cathode. The battery
operation is extended and its limiting efficiency is stable
with this structurally fasting. CNT-sulphur Composite
CNT is used to increase insulation in some designs with
intermediate layers and to control the spread of
polysulphides [10, 11].

e

Li,S-based Cathode

W BaM+ 166+ 16U°

S

« <li,S e -Conductive Carbon

g

3um, e
o =2~

> -Binder

. Electrolyte

M Anode metal
(.9, S, S, In)

Figure 6: NT based Li-S battery
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3.3 Application in Flexible Super capacitors and
Hybrid Devices:

An crucial development in wearable and
portable power storage is the usage of carbon nanotubes
in  bendy supercapacitors.  Supercapacitors, in
comparison to conventional batteries, store power by
way of electric price accumulation and brief floor redox
reactions, necessitating materials with high surface
vicinity, advanced conductivity, and structural
sturdiness. Because of their special mixture of
mechanical, electrical, and morphological
characteristics, CNTs meet all of those requirements.

In order to lessen the requirement for steel-
based totally components and allow lightweight, flexible
designs, carbon nanotubes (CNTs) can construct
incredibly conductive, entangled networks that function
as each energetic materials and present day creditors.
They are ideal for incorporation into cloth-based totally
electronics due to their capability to keep electric
conductivity even after being time and again bent and
stretched.

Carbon nanotubes (CNTs) complement
pseudocapacitive elements like metal oxides (like MnO,
and RuQ,) or conductive polymers (like polyaniline and
polypyrrole) to improve the composite's mechanical
energy and electrochemical stability. High-overall
performance supercapacitors which could adapt to
dynamic surfaces without compromising overall
performance are made feasible with the aid of those
hybrid arrangements, which dramatically decorate
capacitance while maintaining flexibility. In hybrid
energy storage devices that bridge the performance hole
between batteries and capacitors, CNTs make
contributions to each speedy charging skills and
prolonged cycle lifestyles. One in their capabilities in
these systems is to serve as nanostructured scaffolding
that inspire complementary interactions among
components that resemble capacitors and batteries. This
dual function is specifically crucial in subsequent-
generation strength devices designed for smart textiles,
smooth robotics, and implantable scientific devices [12].

Table 1: Comparison of different types of supercapacitors

Types Specific Specific Specific Electrodes Electrolyte | Capacitance
capacitance | energy power retention

Electric double | 120F g! 26 Whkg™! 500 kW kg™! a-rGO TEABF4J/AN | 95% (2000 cycles, 20

layer capacitors | (100 Ag™) Aglh)

Pseudocapacitors | 1036 F g™
(LAgh

423Whkg ' | 0.476 KW kg

NiCo2S4/graphene/ | KOH 78.6% (10,000 cycles,
carbon spheres 5AgY)

Hybrid 157 Fg!
supercapacitors (BAg)Y

17.3Whkg ' | 40.84 KW kg

Ni(OH)2/CMK-5 | KOH 90% (5000 cycles, 4.5
Agh

CNTs are crucial to the improvement of
electricity garage systems that require flexibility, light-
weight layout, and long-term durability below
mechanical strain similarly to being the cornerstone for
enhancing the electrochemical overall performance of
flexible supercapacitors [13].

4. Synthesis Techniques and Engineering Strategies
for CNT-Based Composites:
4.1 CNT Synthesis Methods:

An important process that determines structural
quality, electrical properties and potential use of carbon
nano tubes in energy storage. CNT compatibility with
different battery chemistry and device architecture is
affected by their data, purity and scalability, which are
heavily influenced by all synthesis techniques. There are
three most commonly used methods to make arc
discharge, laser blade and chemical steam deposit (CVD)
CNT. High quality CNT with better graphite
crystalliness is produced by emissions and elimination of
laser; However, these processes are energy intensive,
return limit and challenging on the scale. As a result,
their most important applications are in the laboratory
scale in basic research and production.

Because of its scalability, decreased energy
wishes, and capability to create both single-walled
(SWCNTSs) and multi-walled (MWCNTS) with regulated

dimensions, CVD has turn out to be the most
economically possible method. In CVD, a steel catalyst
(typically Fe, Ni, or Co) supported on a substrate breaks
down a hydrocarbon fuel (usually methane, ethylene, or
acetylene) at excessive temperatures (six hundred—
1200°C). The catalyst debris are lined with carbon atoms
from the gas supply, which nucleate and grow to be
tubular structures. Researchers can also adjust the CNTSs'
diameter, wall thickness, alignment, and aspect ratio via
adjusting synthesis parameters like temperature, fuel
flow fee, and catalyst composition Furthermore, CVD
variations along with floating catalyst CVD and plasma-
improved CVD offer greater manage over the alignment
and exceptional of CNTs. These strategies are
particularly useful for developing wafer-scale films and
vertically aligned CNT arrays, which might be wonderful
for creating structured electrodes for high-energy
gadgets. CVD has benefits, however it also has
drawbacks. One barrier is still the requirement for put up-
synthesis purification to cast off amorphous carbon and
leftover catalysts. Research is likewise being achieved to
decrease synthesis prices and maintain uniformity in
CNT characteristics among batches. However, the
maximum promising approach for creating CNTs at a
scale suitable for commercial electricity storage
applications remains CVD.In conclusion, despite the fact
that there are different synthesis techniques, CVD is
specific in that it strikes a balance between scalability,
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satisfactory, and tunability. CNT performance and
accessibility for subsequent-technology strength gadgets
could be in addition progressed by means of
developments in reactor layout, catalyst optimization,
and input choice. Strong van der Waals interactions
cause CNTs to clump collectively, and they are regularly
hydrophobic, which makes it difficult for them to
dissolve in polar solvents and paintings with electrode
substances. Surface functionalization is applied to alter
CNT surfaces in order to get round this. Through
oxidative treatments, covalent functionalization adds
chemical corporations (including -COOH, -OH, and -

NH2) to the CNT walls, improving dispersion and
interplay with active chemical substances or polymers.
Conversely, non-covalent strategies improve solubility
without altering the electric shape of CNTs by using
surfactants, polymers, or n-w stacking interactions.

Through  stepped  forward  mechanical
interlocking, progressed fee transfer, and extra effective
ion diffusion throughout the electrode-electrolyte
interface, those improvements promote the combination
of CNTs into composite electrodes [14].
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Figure 7: Comparision of CVD and laser ablation

1.3 Composite Formation with Active Materials:

A key method for improving the overall
performance and capability of electrode substances in
electricity storage devices is the creation of CNT-based
totally composites. In addition to helping active
components, carbon nanotubes decorate the electrode's
mechanical and electrochemical residences with the aid
of performing as a structural and conductive community.

CNTs are often used with excessive-capacity
anode materials which includes silicon (Si), tin oxide
(Sn0O3), and unique transition metal oxides in lithium-ion
batteries (LIBs). Despite having a promising theoretical
capacity, these substances experience extensive volume
expansion during the insertion and extraction of lithium,
which reasons mechanical pulverization and quick
overall performance loss. Around these lively
substances, CNTs provide conductive, elastic
frameworks that reduce extent-brought about pressure
and hold the electrode's structural strength. The intrinsic
insulating properties of sulfur and its propensity to
produce soluble polysulfides at some stage in cycle pose
severe problems for lithium—sulfur (Li—S) batteries. In
order to resolve this, sulfur is regularly sprayed over
CNT mats or inserted inside CNT networks to produce
permeable conductive composite materials. Through
physical confinement and chemical interactions, these
CNT-sulfur composites enhance electric connection,
increase sulfur utilization, and resource within the
trapping of poly sulfides, specifically while the CNTs are
floor-functionalized. These composites enhance the
battery's biking balance, Coulombic efficiency, and
potential stability. Furthermore, the improvement of

sophisticated electrode designs has been made possible
by the power of CNTs. In order to optimize surface
interaction, permit powerful ion/electron delivery, and
stabilize the electrode-electrolyte interface [15].

4.4 3D Architectures and Aligned CNT Networks:

A key technique for enhancing the overall
performance and functionality of electrode substances in
strength garage devices is the introduction of CNT-based
totally composites. In addition to maintaining energetic
components, carbon nanotubes beautify the electrode's
mechanical and electric homes through acting as a
structural and conductive substrate. CNTs are often used
with excessive-potential anode materials inclusive of
silicon (Si), tin oxide (SnO;), and different transition
metal oxides in lithium-ion batteries (LIBs). Despite
having a promising theoretical potential, those materials
revel in full-size extent enlargement at some point of the
insertion and extraction of lithium, which causes
mechanical pulverization and short overall performance
loss. Around various energetic substances, CNTs provide
conductive, elastic systems that reduce quantity-brought
about pressure and preserve the electrode's structural
integrity.

The essential insulating properties of sulfur and
its natural tendency to provide soluble polysulfides at
some point of process reason extreme issues for lithium—
sulfur (Li-S) batteries. In order to resolve this, sulfur is
often sprayed onto CNT mats or inserted internal CNT
networks to supply porous, conductive composite
substances. Through confinement in nature and chemical
interactions, those CNT-sulfur composites enhance
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electric connection, enhance sulfur utilization, and useful
resource inside the trapping of polysulfides, specifically
when the CNTs are floor-functionalized. These
composites beautify the battery's cycle stability,
Coulombic performance, and capability retention.

Furthermore, the development of sophisticated
electrode designs is made feasible through the ability of
CNTs. In order to optimize floor contact, enable
powerful ion/electron shipping, and stabilize the
electrode-electrolyte  interface, researchers  have
investigated core—shell, coaxial, multilayer, and three-
dimensional hierarchical designs. For example, CNTs
are used in super capacitor programs along side.

The improvement of three-dimensional (3-D)
and aligned configurations is one of the maximum
attractive  possibilities for CNT-based electrode
engineering. These prepared designs provide improved
electric, mechanical, and ionic traits that are crucial for
excessive-overall performance energy garage devices, in
comparison to conventional randomly entangled CNT
mats. The directed electron delivery traits of vertically
aligned carbon nanotube (VA-CNT) arrays lead them to
specially proper. These arrays offer effective channels
for electron conduction from the lively material to the
present day collector through developing carbon
nanotubes (CNTSs) perpendicular to a substrate. Higher
power outputs are supported through this design, which
additionally lowers inner resistance and accelerates
charge and discharge strategies. In order to attain
uniform coating and higher interfacial touch, VA-CNTSs
are often hired as scaffolds for lively fabric deposition.
This results in accelerated structural integrity and an
extended electrode lifespan [16].

Parallel 3-dimensional porous carbon nanotube
networks, which might be created with the aid of
methods along with electrospinning freeze-drying or
template-assisted improvement. High strength and
electricity densities are made feasible by way of these

traits, which also permit for superior ionic diffusion and
electrolyte penetration. These networks enhance mass
loading and boom the mechanical stability of the
electrodes at some stage in transportation by way of
performing as hosts for sulfur, silicon, or steel oxide
particles similarly to gathering present day. The
capability to enhance electrochemical Kinetics,
mechanical robustness, and electrode design range is the
primary benefit of using three-D CNT systems and
aligned arrays. By disposing of the requirement for metal
modern-day creditors and polymeric binding materials,
those designed systems raise the device's universal
gravity electricity density. Five Industrial Relevance and
Scale-Up DifficultiesScaling up CNT manufacturing and
integrating it into battery structures remains very
difficult, regardless of its high-quality laboratory-scale
overall performance. It is vital to deal with concerns
approximately synthesis procedures' effects on the
surroundings, consistency, and production prices.
Furthermore, repeatable tool overall performance
depends on maintaining the CNT fine diameter, duration,
and purity throughout numerous batches synthesis paths,
better catalyst recycling, and non-stop CVD device
optimization are all being labored on. The switch of
CNT-primarily based technology from studies
laboratories to industrial power garage markets relies
upon on these breakthroughs [7- 17].

4.4.1 Experimental Analysis and Outcomes:

Ultra-low particle contamination for the
duration of manufacturing become ensured by the Class
a hundred cleanroom surroundings in which the
experimental setup for this paintings turned into
completed. A Chemical Vapor Deposition (CVVD) device
operating at 800°C was used to create carbon nanotube
(CNT) movies, which grew at a regular pace of 10 nm
according to minute. A lithography technology with a
sub-10 nm decision changed into used for correct
patterning, and device shapes were defined through
electron beam publicity at 20 kV.
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The suggested three-D-CNTA (0.3 W) become
benchmarked in opposition to device.

The Synopsys Technology Computer-Aided
Design (TCAD) application was also used to predict the
fabrication parameters and device conduct. A 3-d
procedure simulator with a 5 nm pleasant mesh
resolution become used inside the simulation, presenting
extremely specific performance estimates for CNT area-
impact transistors (CNTFETSs).Noise Performance and
Power Consumption (Figure 4)

Like SL-DFF (0.34 W), CNTFET (0.Forty five
W), CSLA-CNT (zero.62 W), EP-DFF-CNT (zero.37
W), CNTT (0.Forty two W), OCG-CNTT (0.Fifty five
W), CNT-XOR (0.49 W), and others. Due to its effective
use of carbon nanotubes in a three-dimensional
framework, the 3D-CNTA design stood out from the
others and confirmed the bottom common strength
consumption[18].

5. Commercialization Barriers and Solutions:
5.1 Cost and Economic Viability:

One of the major obstacles to widespread use of
carbon nanor tubes (CNT) in commercial energy storage
systems is still their high construction costs. Due to the
high costs of raw materials, complex machines and
energy-intensive synthesis processes, the manufacture of
carbon nano tubes (CNTS), despite their better electrical,
mechanical and structural benefits, is often limited to
laboratory operations. Although discharge and laser are
two of the current synthesis methods that produce high
quality CNT with extraordinary crystallines, their poor
dividends and high operating costs make them unsuitable
for mass production. Despite being more scalable,
chemical steam deposits (CVD) still require high
temperatures, expensive metal catalysts (such as nickel,
cobalt and iron) and inert gases such as hydrogen or
argon, all increase the price of carbon nanotube (CNT),
which is between graphite (~ 10/kg). Per Kkilo. For
companies in search of scalable and affordable
alternatives for traditional electromaterials, this price
presents an inequality a problem. Even when used in
modest quantities, CNT must show its own and average
benefit benefit to offset the related costs.

Researchers look at other synthesis methods,
such as biomass contact carbon nanotubes (CNT), which
use organic or agricultural waste as carbon sources, to
remove these economic limitations. These techniques
have a combined advantage of reducing the prices of
content and reducing their impact on the environment. In
addition, through the scale of the scale.

The charge of post-synthesis purification and
processing is every other crucial consideration. To
guarantee consistent performance in battery packages,
as-produced CNTs often comprise amorphous carbon
and metal catalysts that want to be eliminated. Additional
processing steps are introduced through strategies such

heat oxidation, ultrasonication, and acid remedy, which
raises the final fee. Scalable, low-power purifying
techniques are consequently vital to bringing CNTs
toward industrial viability. The convergence of low-price
synthesis, little publish-processing, high product yield,
and observable long-term performance profits in realistic
devices will in the long run determine the economic
sustainability of CNT-based totally electrodes. The value
barrier may regularly decrease as industrial processing
methods, chemical engineering, and fabric science
strengthen, beginning the door for CNTs to compete
economically with  modern-generation  electrode
materials [19].

5.3 Integration with Current Production Methods

The smooth integration of CNT-based
electrodes into the current battery production network is
one of the crucial stages toward their commercialization.
Any new electrode material's ability to be widely used
depends on both its performance indicators and how
simple it is to integrate into current manufacturing
processes without requiring significant investment or
rework. Graphite, lithium cobalt oxide, and other
common minerals are used in highly standardized and
optimized battery production processes, particularly for
lithium-ion cells. These procedures frequently use
slurry-based methods, wherein active ingredients are
combined with solvents and binders before being applied
to metal foils The improvement of CNT-polymer hybrid
binders that useful resource in electrochemical
functioning and mechanical stability is one of the rising
strategies. These technology have become an increasing
number of like minded with widespread coating and
drying device, and they will be customized for use with
positive electrode layouts. Additionally, CNT-based
electrodes are being processed on business substrates the
usage of scalable techniques such as vacuum filtering,
electrospinning, and spray coating. From an operational
point of view, upgrading existing centers to handle CNT
materials can also call for additional environmental
controls. For example, in compliance with occupational
fitness rules, microscopic CNT powders want unique
coping with devices to reduce airborne dispersion and
assure employee protection.

Finally, developing a drop-in approach for CNT
integration will require collaboration between material
researchers, process engineers and equipment
manufacturers. Adoption will be provided by
standardizing formulations, equipment specifications
and quality indicators. The manufacturer who preferred
cost efficiency and high trip scalability will make the use
of CNT more attractive if these areas continue to move
forward, as they can be industrialized industrially
without the need for replacement of the entire
infrastructure [15].
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5.4 Bridging the Gap between Research and
Industry:

Even the materials for energy storage for
laboratory research on carbon nano tubes (CNT) have
shown remarkable performance progress, these findings
still have many obstacles to overcoming many obstacles
before translating these findings into technology on
industrial mammus. Inequality in priorities often causes
differences between academic innovation and
commercial implementation. While the industry requires
a copy of the qualification, expansion and cost -
effectiveness under practical barriers, academics focus
on optimizing electrocemical performance under ideal
conditions. The ability to expand laboratory -developed
processes is one of the main problems. Methods that
produce a small amount of high performance CNT
composites can be unnatural, expensive or deactivate
when used in large quantities. In addition, frequent
production is disturbed by the unpredictable of CNT
batch quality and limited availability of industrial
production facilities. The need for reliable pilot-scale
testing environment that mimics industrial processes is
exposed by this obstacle. Strengthening associated
relationships between industry interests and research
institutes are necessary to stop this difference. While
industry production restrictions, regulatory
environments and market requirements provide insight
into, academics can provide innovative material design
and characterization technologies. This change in energy
storage can help from the state -funded technology
transfer programs, innovation centers and consortium -
based models that have worked well in other industries.

Another important environmental commercial
partners and research laboratories have standardization
of test processes and performance standards.
Comparison of materials and technologies Addressing
intellectual property (IP) issues, managing certification
requirements, and informing end users of the advantages
and drawbacks of CNT-enhanced systems are additional
tasks that must be completed in order to close the gap
between research and industry. CNT University is ready
for transition to production facilities from laboratories as
these cooperative ecosystems develop, widely used for
inclusion, open the door in altitude energy storage
technologies [20].

5.5 Regulatory and Environmental Considerations:

As carbon nano tubes become more popular in
energy storage technologies, the use of their commercial
objects should be evaluated for both potential health and
environmental effects. Because nano paths have special
physical chemical properties, which may have
unexpected toxic effects, regulatory organs around the
world are more aware of their safety.

CNT has been linked to potential inhalation
hazards, especially when they are ancient or unexpected.
Concerns for breathing risk and long -term health effects
during construction, handling and disposal are raised by

their high side conditions and fibrous structure, which
mimics asbestos in  morphology. Under some
commercial risk levels, regulatory agencies, including
the European Chemical Agency (ECHA) and US
Environmental Protection Agency (EPA), have
published guidelines and limited the use of CNT. In
addition to the risk of workers, the fear of the effect of
CNT construction and removal on the environment
increases. Traditional CNT synthesis techniques use a lot
of energy and can include dangerous feed and catalysts.
Biochemical of aquatic organisms can have negative
effects if waste is treated incorrectly or accidentally
issued in the house. Life cycle assessment (LCAS) is
therefore necessary to assess the entire environmental
impact of CNT-competent equipment, from the purchase
of raw materials to the handling of life content.

To overcome these obstacles, researchers work
to create more environmentally friendly synthesis
methods, such as water -based spreading systems and
carbon sources taken from biomass. Ultimately, long-
term viability depends on CNT-based energy storage
units of display innovation, legal compliance and balance
between environmental management. Standardized
security procedures, increase in public acceptance and
moral commercialization will be possible with all
academics, businesses and collaboration.

5.5 Research and Industry:

The laboratory research on carbon nanotube
(CNT) primarily based substances for power storage has
shown fantastic overall performance advances, there are
nevertheless many limitations to conquer before these
discoveries may be translated into commercial-scale
technology. Disparities in priorities often cause the
distance between instructional innovation and industrial
implementation. While enterprise demands
reproducibility, scalability, and fee-effectiveness below
practical constraints, academia concentrates on
optimizing electrochemical performance under perfect
conditions.

The capacity for enlargement of lab-evolved
procedures is one of the fundamental issues. Methods
that produce excessive-performing CNT composites in
small portions is probably unworkable, highly-priced, or
inefficient while wused in massive quantities.
Furthermore, regular production is hampered by using
the unpredictability of CNT batch quality and the
confined availability of industrial-grade manufacturing
facilities. The necessity for reliable pilot-scale checking
out environments that mimic business strategies is
highlighted through this constraint.

Strengthening  collaborative interactions
between agencies and research establishments is
essential to shut this hole. While industry gives insights
into manufacturing regulations, regulatory
environments, and market needs, academia may
additionally deliver revolutionary substances design and
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characterization technology. This shift within the power
garage space can be aided with the aid of government-
funded era transfer programs, innovation centers, and
consortium-based totally fashions which have worked
well in different industries. Another essential facilitator
is the standardization of testing processes and overall
performance requirements all through commercial
companions and research laboratories. The assessment of
materials and technologies could be made easier through
standardized assessment measures, guaranteeing that
promising tendencies may be quickly examined and
scaled. Additionally, deliver chain collaborations with
producers of batteries, providers of raw substances, and
quit customers can help reduce financial danger and
promote believe in CNT. Addressing belongings (IP)
issues, managing certification necessities, and informing
stop customers of the blessings and downsides of CNT-
stronger structures are extra responsibilities that should
be finished on the way to close the distance among
research and enterprise. CNTs are ready to transition
from college labs to manufacturing facilities as those
cooperative ecosystems broaden, beginning the door for
his or her incorporation into extensively used, high-
overall performance strength garage technology [7- 21].

6. Future Outlook and Research Roadmap:
6.1 Emerging Trends and Strategic Importance:

One of the most promising areas of advanced
energy storage technology is the regular development of
carbon nanor tubes (CNT) -based energy systems.
Research worldwide in multicribution Nanomaterials are
pushed by increasing the demand for technology with
high energy density, rapid charging speed, better
mechanical flexibility and better safety requirements.
The requirements for these next generations are met by
CNT because of their large surface, excellent electrical
conductivity and mechanical strength. CNT is expected
to be important to close the performance intervals
between different storage systems in the future. They
will possibly be used in solid, sodium ion and
magnesium-ion batteries in addition to lithium-ion and
lithium-svovel batteries. CNT integration is expected to
be beneficial for especially for hybrid systems such as
lithium-sulfur capacitors or lithium-ion/supercapacitor's
hybrids. In addition, because the multi -ridges can
sensors in carbon nano tubes (CNT) serve as structural
reinforcement and energy storage components, at one
time, they are required in portable technology. Due to
their flexibility and adaptable nature, carbon nano tube
(CNT) is distributed as an important component of the
production of smart textiles and stretchy electronics,
which is becoming more and more popular.

6.2 Advanced Functionalization and Interface
Engineering:

Chemical activity is one of the main factors that
affects the achievement of full capacity of CNT.
Although remarkable physical functions in pure CNT are
already there, they must be further modified to adapt the
use due to their limited surface reactivity and trend to

collect the solution. By combining the reactive groups on
the CNT surface by covalent functionalization (for
example, carboxylation or hydroxylation), strong
interactions with metal oxide or polymer are possible and
CNT becomes more compatible with water solutions.
Non-concentration changes, including polymer coatings
or rapping of surface-active agent, help preserve the
conjugate m system, and preserve the strong electrical
conductivity of CNT, which improves their solubility
and spread. When heterogenous such as nitrogen, sulfur
or drill are added to the CNT grille, active places that can
increase polarity are made to the surface, chemical
interaction with redox species and catalytic activity.
Because nitrogen-decorated carbon nanotubes (CNTS)
have been shown to attach polysulfide between product,
reduce closure and improve redox, it is especially
beneficial in lithium- batteries.

In addition, an important field of research is
interface technique, especially the stability of fixed-
electrolyte interface. Artificial satellite layers based on
carbon nano tubes (CNTS) can act as interlayer-ioned -
Duktive membranes and physical barriers, which
regulate the flow of lithium ions and reduce electrolyte
trips. These methods expand batteries and increase
safety, especially in high voltage or fast -charged
applications. Chemical activity is one of the main factors
that affects the achievement of full capacity of CNT.
Although remarkable physical functions in pure CNT are
already there, they must be further modified to adapt the
use due to their limited surface reactivity and trend to
collect the solution [22].

6.3 Integration into Flexible and Solid-State Systems:
CNTs are predicted to be crucial in forming the

upcoming generation of extensible and wearable energy
storage devices as electronics manufacturing moves
toward flexibility and reducing one's They are perfect for
usage in the following applications because they can
tolerate mechanical deformation, such as bending,
folding, and stretching, without sacrificing electrical
performance:

1. Textile-based supercapacitors and batteries,

2. Implantable biomedical devices,

3. Rollable displays and sensors.

4. Soft robotics

CNTs can function energetic fabric supports,
current collectors, or even complete electrodes in diverse
applications, bearing in mind small, mild structures.

Furthermore, CNTs may be used into the solid
electrolyte matrix of stable-country strength storage
gadgets, which replacement stable or gel-based totally
electrolytes for traditional liquid ones on the way to
growth safety. In lithium-metallic anodes, this
integration complements ionic conductivity, preserves
mechanical cohesiveness, and inhibits dendritic
development. Modern production techniques consisting
of inkjet printing, spray deposition, and electros pinning
are being changed to create CNT-primarily based movies
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and systems that work with strong-kingdom codecs.
Flexible all-solid-state batteries (ASSBs), which
integrate the benefits of pliability, high electricity
density, and stronger safety, are made viable through
these advancements [9].

6.4 Life Cycle and Sustainability Considerations:

CNTs' life cycle performance and
environmental effect need to be thoroughly investigated
and optimized before they can become a standard in
commercial energy storage. CNT synthesis is an energy-
intensive process that depends on metal catalysts that
might be detrimental to the environment, particularly
when done by the combination of arc discharge and laser
therapy.

Efforts are underway to transition toward more
sustainable synthesis methods, such as:
e Biomass-derived CNTs wusing agricultural
waste,
e Water-based dispersion techniques that
eliminate toxic solvents
e Low-temperature CVD processes using greener
catalysts

Life management strategies should be done at
the same time to encourage recycling and reuse. Due to
their CNT wraps with other materials, CNT-enhanced
electrodes provide special recycling problems asking for
chemical recovery or thermal autumn technique
optimization.

The  environmental impact of CNT
construction, use and destruction is assessed by the use
of the Life Cycle Evaluation (LCA) function, and is
beginning to gain increasing attention from financing
organizations and authorities. In order to guarantee that
CNT-competent technologies correspond to the global
purposes of stability and principles of circular economy,
such structures will be necessary.

6.5 Vision for Industrial Adoption:

Use a CNT-promoted industrial scale battery
requires coordinated ecosystems for financing agencies,
commercial companies, research institutes and
authorities. Despite the outstanding performance of
many laboratory prototypes, industrial feasibility
requires reliable safety verification, cost -effectiveness,
scalable production and continuous quality.

Effective strategies are included in this development to
facilitate this development

e Pilot-scale demonstrations that test CNT
technologies under real-world conditions,

e Cross-sector collaborations between energy,
automotive, electronics, and  materials
industries,

e Regulatory alignment to ensure safety and
environmental compliance, and

e Standardized manufacturing protocols and
metrology for CNT-based materials,

e Incentivized investments in CNT-specific
processing equipment and supply chains.

In North America, Europe and Asia, Li-lon and
Li-S begin to look at the battery lines expanded with
carbon nano tube (CNT), especially for high-performing
electric vehicles and aerospace systems. Carbon nanor
tubes (CNTS) are most likely that the next generation
battery will be a common element of technologies as
long as the synthesis continues for scalability, interface
control and hybrid design progression.

The route from search to implementation will
eventually be determined by a shared commitment
between academics and industry to provide reliable,
cheap and environmentally friendly energy solutions run
by carbon nanotube technology [12].

7. CONCLUSIONS

One of the most adaptable and potential
nanomaterials to replace the energy storage industry is
the carbon nanotube (CNTS). They are in advance of
innovation in flexible super capacitors, lithium-ion
batteries (LIB) and lithium-svovel (LI-S) batteries, due
to their remarkable electrical conductivity, large surface
area, mechanical flexibility and the ability to produce
strong mixed structures. We have investigated several
functions of carbon nano tubes in this review, including
promoting structural flexibility and reducing polysulfide
closure for establishing electron transport and modeling
of volumetric expansion. Despite this development, there
are still many obstacles in the way of commercial
implementation from innovation in laboratory fame.
Actual challenges include high production costs for
CNT, quality of incompatible material, problems with
spread and integration with current industrial production
lines.

Future research have to cognizance on
improved functionalization strategies, efficient and
environmentally pleasant synthesis techniques, and
strategic composite designs that optimize the
electrochemical ability of carbon nanotubes (CNTS) in
order to triumph over those challenges. At the identical
time, compatibility with solid-country and flexible
garage codecs, interface engineering, and lifespan
reviews want to be given extra attention. Crucially,
standardizing methods, dashing up pilot-scale
demonstrations, and making sure safe, reliable, and
inexpensive deployment will all rely on cooperation
among academic establishments, companies, and
regulatory our bodies. Carbon nanotubes are positioned
to act now not handiest as upgrades but also as organizers
of the upcoming era of electricity technologies as energy
storage keeps to develop to satisfy the desires of
electrification, clever electronics, and renewable
integration. CNT-based substances have the ability to
revolutionize overall performance standards for a
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sustainable, high-efficiency electricity destiny with in
addition innovation and strategic improvement.

Carbon nano tubes are being investigated more
and more for its versatility in the next generation of
electrode designs, in addition to their well -established
works in increasing conductivity and mechanical
strength. In addition to energy storage, researchers look
at hierarchical and multicultural CNT composites that
also serve supportive goals, including environmental
responsibility, self-healing and thermal regulation. In
order to reduce the risk of thermal runway, CNT can be
built into phase transformation materials or thermal
conductive additives, for example, spreading the heat
more effectively during fast -charging charge cycles. In
addition, self-healing polymers associated with CNT
networks have shown the ability to repair electrode
extension and contraction, micro generated in a long-
term cycle life. This structural progress opens the door to
strong, adaptable energy storage systems that meet the
growing needs of electric cars, flexible electronics and
aerospace applications [11].
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