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Interest in eco-friendly lithium-ion battery (Ec-LIB) materials has
increased due to the rising need for high-performance and sus-
tainable energy storage alternatives. Agro-carbon nanotubes
(Agro-CNTs), obtained from renewable agricultural waste, have
emerged as promising candidates for green and economical sub-
stitutes to traditional chemically synthesized carbon nanotubes
(Chem-CNTs). When paired with manganese oxide (MnOy), a
cheap and abundant metal oxide, Agro-CNT/MnOx composites
reveal synergistic properties that boost electrochemical perfor-
mance. This review highlights the potential of Agro-CNT/MnOx
nanocomposites as sustainable and high-performance electrode

1. Introduction

As the global population continues to grow, energy consump-
tion is expected to rise dramatically in the near future. This
underscores the importance of developing more efficient meth-
ods and sustainable materials for energy generation and storage.
Energy storage systems (ESS) store energy generated from other
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materials for lithium-ion batteries (LIBs). The use of these sus-
tainable materials in LIB fabrication aligns with global regulatory
trends, promoting environmentally beneficial technologies and
paving the way for the widespread adoption of clean energy
solutions. By integrating renewable resources into energy stor-
age systems, Agro-CNT/MnOx nanocomposites can contribute
to the establishment of a more sustainable and environmentally
responsible energy infrastructure. This review provides a com-
prehensive analysis of current progress, synthesis techniques,
fabrication methods, challenges, and future opportunities for
leveraging Agro-CNT/MnOx composites in next-generation LIBs.

forms of energy resources, such as solar, wind, and thermal
energy. The charged energy storage system can then provide
electricity as needed, at the desired level and quality, as shown
in Figure 1. ESS can potentially replace or supplement nearly
every part of a power system, including generation, transmis-
sion, and distribution.>®! Currently, the world is lacking a safe
and affordable large-scale energy infrastructure, and the preva-
lence of fossil fuels for energy generation means contributes to
climate change and various health issues. Hence, it is critical that
researchers focus on the development of more efficient materi-
als and methods for energy generation and storage to meet the
increasing demand for energy.l’-!

Among various electrochemical energy storage systems,
lithium-ion batteries (LIBs) have made a profound impact across
various sectors, acting as the main power source for handheld
electronic devices and playing a pivotal role in ESS.'") In terms
of energy storage, LIBs provide high energy efficiency, extended
cycle life, and comparatively high energy density, making them
ideal for grid-level ESS. They can contribute to the stabil-
ity of the grid system, balance power generation, and aid in
the integration of renewable energy sources, such as solar and
wind power. LIBs can facilitate efficient energy management by
storing surplus energy during periods of low demand and dis-
charging it during peak hours, thereby reducing dependence on
the grid and decreasing costs.”! They also enable the integra-
tion of renewable energy resources, improving overall energy
efficiency and ensuring a consistent power supply. In addition,
especially in developing nations, LIBs play critical roles in energy
storage, providing high energy density, long lifespan, efficiency,
and contributing to economic growth by improving energy
access and reliability. These benefits show that LIBs are signifi-
cant in advancing energy storage technologies and contributing
to a more sustainable and efficient energy ecosystem.

© 2025 Wiley-VCH GmbH
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LIBs operate by reversibly shuttling lithium ions between
a graphite anode and a lithium-metal-oxide cathode. During
discharge, ions move from the anode to the cathode via an elec-
trolyte, while electrons flow externally, generating power, and
charging reverses this process.>! The chemistry of LIB’s con-
stituent parts is closely related to its performance. A range of
cathode materials, including layered LiFePO,, spinel LiMn,O,,
and olivine LiCoO,, provides trade-offs between thermal stability,
cost, and energy density.l") The most common anode material
is graphite, although in order to increase capacity, substitutes,
such as silicon, tin oxides, or bimetallic oxides made from
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metal-organic frameworks (MOFs) are being investigated. Key
evaluation metrics for designing and optimizing LIBs, include:
specific capacity (mAh/g), energy density (Wh/kg), Coulombic
efficiency (%), cycle life, rate capability, and thermal stability.!"™

The advancements in LIB technology in recent years have
led to the growth and adoption of electric vehicles (EVs). These
advancements have been focused on improving the perfor-
mance of their energy storage, safety, and sustainability. The
future of lithium-ion batteries looks promising, with ongo-
ing research and development leading to even more efficient,
durable, and sustainable battery technologies.!"®! As the demand
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for renewable energy and sustainable storage solutions con-
tinues to rise, LIBs are playing an increasingly important role
in powering a more sustainable future.”? Nevertheless, recent
studies indicate that LIBs, commonly used in a variety of devices,
pose sustainability challenges. For instance, lithium-ion batter-
ies contain harmful metals like cobalt and nickel, which pollute
water sources and ecosystems if they seep out. Additionally, the
extraction and production of lithium, a limited resource, can
ultimately lead to environmental issues. To mitigate these chal-
lenges, the incorporation of readily available minerals, such as
manganese and agro-waste material, into the development of
LIBs looks promising and achievable for the sustainability of LIBs.
This route can lead to the evolution of more sustainable lithium-
ion batteries, which are vital for a future with lower carbon
emissions.!81%]

Transition metal oxides (TMOs) are widely studied as elec-
trode materials, particularly for anodes in lithium-ion batteries,
due to their high theoretical capacities, redox properties, and
structural versatility. Unlike traditional intercalation materials
like graphite, TMOs often work through conversion reactions,
offering higher capacities. Notable TMOs researched for LIB elec-
trodes include iron oxides (Fe,0s, Fe;0,), cobalt oxide (Co30,),
nickel oxide (NiO), vanadium oxides (V,0s), and manganese
oxides (MnO, Mn30,4, Mn,05, MnO,).120-221

Manganese-based electrode materials (MBE) are attracting
interest for their potential application in LIBs due to their avail-
ability, affordability, and safety.!”’! The materials have been used
as cathode material in lithium-ion manganese oxide batter-
ies (LMO), which operate through the same intercalation/de-
intercalation mechanism as other commercialized cathode mate-
rials, such as LiCo0,.1*"! In addition, MBE has been engaged as an
anode material, replacing traditional graphite. Electrodes based
on manganese are cheap, non-toxic, and offer superior thermal
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stability.!®! Table 1 presents the main structural, physical, and
electrochemical characteristics of manganese (Il) oxide (MnO)
that are pertinent to its use in lithium-ion batteries.

The exploration of manganese as a replacement for more
expensive and less abundant materials, such as cobalt in battery
electrodes, is crucial for energy storage and consumption, as
it can potentially provide enhanced energy storage capacity
and improved safety. Therefore, manganese is becoming an
increasingly important material for sustainable LIBs.[?5-31 The
sustainable development of lithium-ion batteries involves uti-
lizing materials with low environmental impact, promoting
recycling and reuse, and investigating alternative materi-
als for a more sustainable energy storage solution in the
future.3'32!

Carbon nanotubes (CNTs) possess a range of physical and
chemical properties that make them highly attractive as mate-
rials for electrodes in ESS, especially for lithium-ion batteries
(LIBs) electrodes. Structurally, CNTs are one-dimensional cylin-
drical nanostructures composed of sp?-hybridized carbon atoms
arranged in a hexagonal lattice. This configuration grants them
exceptional electrical conductivity, mechanical strength, and
chemical stability. Their electrical conductivity—reaching up to
106 S/m in metallic CNTs—is a result of the extended r-electron
conjugation along the nanotube axis, which supports rapid
electron transport throughout the electrode.!®! This property
is critical for maintaining high-rate performance and reducing
internal resistance in batteries.

Another important characteristic is the high specific surface
area of CNTs, which typically ranges from 100 to 1000 m?/g
depending on their type and synthesis method. This expan-
sive surface enhances the contact area between the electrode
and electrolyte, facilitating ion diffusion and improving charge
transfer kinetics.* Moreover, CNTs form porous networks that

ogy, Minna. In July 1999, he went to
the University of Stellenbosch, as a
Research Fellow, where he spent two
years, following which he returned
to the Federal University of Technol-
ogy, Minna, in June 2001. After a year
in June 2002, he took up a position
as a Principal Scientist with Sasol,
Sasolburg, South Africa. He spent
one year with Sasol, after which, he
took up his present position at the
Tshwane University of Technology
(TUT), Pretoria, South Africa, in Jan-
uary 2004, as a Research Professor in
Polymer Physics and Engineering. His
fields of expertise include polymer
physics, polymer rheology and poly-
mer composites/nanocomposites,
and polymers/polymer hydrogels
as substrates in drug delivery for
biomedical applications for cancer
and diabetics therapies.

© 2025 Wiley-VCH GmbH

85U8017 SUOWWIOD AIea.D 8|qeotjdde ayy Aq peusenob a1e ssoile VO ‘8sN JO Sa|nJ o Akeud8UIIUO 3|1 LD (SUOTIPUOO-PUB-SWBIAL00" AB 1WA Re1q Ul [UO//SdNL) SUORIPUOD pue S8 1 8y} 88S *[6202/80/6T] U0 AkeidiTauluo A8|1m ‘ABojouyos 1 JO AlsieAlun auemus L Ad 9/S50v202 105/200T 0T/I0p/w0o A8 | Ake.qijpul juo'ado.ne-AnsiuweLo;/sdiy wolj pepeojumod ‘2z ‘roa ‘6YG9G9EZ



Chemistry

Review Europe
doi.org/10.1002/slct.202405576

European Chemical
Societies Publishing

ChemistrySelect

Figure 1. Schematic diagram of Energy Storage System: Generation-Storage-Consumption.
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Table 1. Electrochemical, physical, and structural properties of MnO relevant to LIBs.[20-222627]
Property Description
Chemical formula MnO

Crystal Structure Rock salt

Molar mass 70.94 g/mol
Theoretical current capacity ~755 mAh/g

MnO + 2Li* + 2e~ — Mn° + Li,O

Poor (necessitates conductive additives like carbon)

Large volume expansion (~200%), poor cycle stability, low-rate performance
Abundant, low-cost, environmentally benign, high theoretical capacity

Nanostructuring, carbon composites, hollow structures, doping, and
hybridizing with other oxides

can act as effective scaffolds in composite electrodes. Their
porous structure and high aspect ratio contribute to excel-
lent ion transport pathways, reducing diffusion resistance and
enhancing electrochemical reaction kinetics.¢!

Mechanically, CNTs exhibit exceptional tensile strength and
elasticity, with Young’s modulus values up to 1 TPa and ten-
sile strength around 100 GPa.'*”! These mechanical properties are
particularly beneficial in battery electrodes that undergo signif-
icant volume changes during lithiation and delithiation cycles.
For instance, when used as a support matrix for high-capacity
materials like silicon or metal oxides, CNTs help buffer the
stress associated with volume expansion, thereby maintaining
structural integrity and prolonging cycle life.l*®! This buffering
capability is a key reason for their incorporation into compos-
ite electrodes, where they mitigate particle pulverization and
electrode degradation.

ChemistrySelect 2025, 10, e05576 (4 of 20)

Beyond their role as passive supporters, CNTs can also
contribute to charge storage directly. Although pristine CNTs
have relatively low lithium storage capacity (comparable to
graphite at ~372 mAh/qg), their performance can be significantly
enhanced through surface modification or doping. Nitrogen-
doping, for instance, introduces defects and functional groups
that provide additional active sites for lithium-ion adsorption
and enable pseudocapacitive behavior.*®! Such modifications
not only increase capacity but also improve the wettability of
CNTs, enhancing their interaction with electrolytes.

In composite systems, CNTs often serve as conductive addi-
tives or hybrid backbones, forming three-dimensional inter-
connected networks that facilitate both electronic and ionic
conduction. This dual transport functionality is especially use-
ful when paired with poorly conductive active materials, such
as transition metal oxides (e.g., MnO; or Fe;0,). In such hybrids,

© 2025 Wiley-VCH GmbH

85U8017 SUOWWIOD AIea.D 8|qeotjdde ayy Aq peusenob a1e ssoile VO ‘8sN JO Sa|nJ o Akeud8UIIUO 3|1 LD (SUOTIPUOO-PUB-SWBIAL00" AB 1WA Re1q Ul [UO//SdNL) SUORIPUOD pue S8 1 8y} 88S *[6202/80/6T] U0 AkeidiTauluo A8|1m ‘ABojouyos 1 JO AlsieAlun auemus L Ad 9/S50v202 105/200T 0T/I0p/w0o A8 | Ake.qijpul juo'ado.ne-AnsiuweLo;/sdiy wolj pepeojumod ‘2z ‘roz ‘6YG9G9EZ



Review
doi.org/10.1002/slct.202405576

ChemistrySelect

Chemistry
Europe

European Chemical
Societies Publishing

Table 2. Electrochemical, physical, and structural properties of CNTs relevant to LIBs.
Property Type Specific Property Description/Relevance to LIBs Typical Values/Behavior Ref.
Electrochemical Electrical conductivity Facilitates fast electron transport in Up to ~10° S/m for metallic CNTs [33,34]
electrode structures
Lithium-ion storage capacity Stores lithium ions via intercalation and ~300-500 mAh/g (functionalized [36]
surface adsorption CNTs); ~372 mAh/g (graphitic)
Pseudocapacitive behavior Enhance capacity via surface redox Significant in N-doped or [36]
reactions when doped or functionalized oxidized CNTs
Rate capability Supports high current operations due Maintains capacity at high C-rates [38,39]
to fast charge transfer kinetics
Physical Specific surface area Increases active interface with ~100-1000 m?/g [34]
electrolyte and supports ion adsorption
Electrical percolation Form conductive networks in Threshold concentration ~0.1-5 [38,39]
behavior composite electrodes wt% in composites
Thermal conductivity Aids in thermal management of Up to ~3000 W/m-K (along tube [33]
high-performance LIBs axis)
Structural Morphology and One-dimensional nanostructure with Lengths: um-mm; diameters: [37,39]
dimensionality high aspect ratio, enabling short ~0.7-50 nm
electron/ion pathways
Mechanical strength Maintains electrode integrity, resists Young’s modulus ~1 TPa; tensile [46]
cracking during volume changes strength ~100 GPa
Porosity and void network Facilitates electrolyte penetration and Mesoporous networks are [36]
accommodates volume expansion of common in CNT mats
composites
Crystallinity/Graphitization Influences electronic conductivity and High in multi-walled and [33,34]
lithium intercalation behavior well-synthesized CNTs

CNTs improve dispersion, suppress particle agglomeration, and
promote synergistic effects that lead to enhanced capacity, rate
performance, and cycle stability.3%-#!

Despite these advantages, CNTs also have some inherent
limitations. Their intrinsic lithium storage capacity is modest,
and they tend to form bundles due to van der Waals attrac-
tions, which can reduce the accessible surface area and hinder
ion transport. Furthermore, large-scale synthesis of high-quality,
well-aligned CNTs remains expensive and technically challeng-
ing, which affects their commercial viability.*®) An attempt to
enhance the capacity of CNT for lithium-ion battery applications
by using transition metal-oxide, transition metal nitride, and
nitrogen heteroatoms has been proposed by Chen et. al.[%
The results of Chen et. al. showed that the composites of
heteroatom-doped-CNT in the presence of transition metals and
their oxides are structurally stable, and they can be practically
used for high-power lithium-ion batteries applications.

Hence, ongoing research on the deployment of agro-waste
as precursors for CNT synthesis, functionalization, scalable syn-
thesis, and hybridization strategies continues to expand the
potential of CNTs in advanced energy storage applications.
Table 2 summarizes the electrochemical, physical, and structural
properties of conventional carbon nanotubes (CNTs) that are
relevant to LIBs.

Moreover, carbon nanotubes derived from agricultural
waste (Agro-CNTs) are potential sustainable materials for high-
performance electrodes in LIBs. These materials showcase
distinct properties and functionalities that position them as
promising choices for elevating the efficiency and sustainability
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of LIBs. Agro—CNTs are renowned for their exceptional electrical
conductivity and mechanical strength and can play a pivotal role
in bolstering the overall conductivity and structural integrity of
electrode materials. Their inclusion as a coating material/dopant
in MnO,-based electrodes is expected to enhance electron trans-
port, contribute to improving efficiency, and stability during
charge and discharge cycles.[*48]

Furthermore, the nanostructure of carbon nanotubes gen-
erally provides an extensive surface area, facilitating enhanced
interactions between the electrode and electrolyte. Xiong Z
et. al.*”) reported that the growth of the carbon nanotube mar-
ket is being driven by the booming LIB market, with carbon
nanotubes gaining traction as a conductive additive at the cath-
ode of LIBs. Also, Kaneko K et. al.*°! highlighted the extensive
benefits of carbon nanotubes for LIBs, which include: excellent
electrical conductivity, longer cycle life, and better heat dissi-
pation during charging and discharging. Both emphasized the
potential of carbon nanotubes as electrode materials for LIBs, cit-
ing their improved lithium-ion capacities and unique structures
and properties.

This review provides a brief but crucial investigation into
the applicability of Agro-CNT/MnOx composites for lithium-
ion batteries operations. Section 2 introduces manganese-based
electrodes and their synthesis methods, while Section 3 provides
the fabrication techniques of Agro-CNT/MnOx electrodes for
LIBs. The cost-effectiveness of Agro-CNT/MnOx materials over
conventional graphite electrode in LIBs, is presented in Section 4.
Optimization of process parameters, challenges, and future per-
spectives, and conclusions are presented in Sections 5-7. The
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results of the review showed that Agro-CNT/MnOx electrodes
are promising for economic advantages and sustainability of LIB.

2. Manganese-based Electrode (MBE) Material

Manganese-based electrode (MBE) materials have garnered sig-
nificant attention due to their potential for use in various battery
systems. These materials offer advantages such as low cost,
abundant availability, and environmental friendliness, making
them appealing for energy storage applications.***3! Research
has shown that manganese-based electrodes exhibit high spe-
cific capacities and can effectively accommodate intercalated
ions, making them suitable for use in lithium-ion batteries,
sodium-ion batteries, and aqueous zinc-ion batteries.**>"! Fur-
thermore, the development of interface-engineered manganese-
based electrodes has demonstrated excellent cycling perfor-
mance and high-energy density, highlighting the potential of
these materials for practical applications.

Modification and optimization of manganese-based elec-
trode materials to enhance their electrochemical performance
have also been explored. This includes approaches, such as
defect engineering, phase transition control, and doping strate-
gies to improve stability, kinetics, and cycle life.*®>°! Addi-
tionally, the use of environmentally stable interfaces and
nanorod structures has been investigated to address the chal-
lenges related to stability, and energy density of battery
electrodes.[® Furthermore, the choice of manganese oxides
and its crystalline form have been highlighted as influen-
tial factors in determining the electrochemical performance
of synthesized electrode materials.®! Despite these advance-
ments, challenges, such as slow kinetics, poor stability, and
initial capacity loss, have been identified as critical issues that
need to be addressed in the development of manganese-based
electrodes.[6?!

2.1. Development of MnO,-Based Electrode Materials

The synthesis of manganese oxide is a crucial aspect of mate-
rials science and energy storage research due to its significant
impact on the crystal structure, morphology, and electrochem-
ical performance of the resulting material. Various synthesis
methods for manganese oxide, including traditional techniques
and emerging approaches, are being explored to understand
their influence on the properties of the synthesized material.
Controlling the morphology of manganese oxide has also been
linked to improvement in its electrochemical cycling stability,
further emphasizing the importance of synthesis methods in
tailoring the material for specific applications.!%3-6¢]

Chemical precipitation, hydrothermal synthesis, sol-gel,
template-assisted synthesis, solid-state reaction, and electrode-
position/electrochemical synthesis methods have been utilized
for the fabrication of manganese oxides.””7°! Each method of
synthesizing manganese oxide has its unique advantages and
challenges, requiring careful consideration based on the desired
properties and intended applications. The choice of synthesis

ChemistrySelect 2025, 10, e05576 (6 of 20)

route plays a crucial role in tailoring the crystal structure, mor-
phology, and electrochemical performance of manganese oxide,
thereby influencing its effectiveness in various technological
domains.

Although chemical co-precipitation is a simple and cost-
effective method, hydrothermal synthesis offers a high degree of
control over particle size and morphology. The sol-gel method
is known for producing homogeneous and well-structured man-
ganese oxide. Besides, template-assisted synthesis enables the
fabrication of nanostructured manganese oxides with controlled
shapes and sizes. Electrodeposition/electrochemical synthesis
allows for the fabrication of thin films and coatings with con-
trolled thickness and morphology.”" Ongoing research in this
field continues to explore innovative synthesis strategies to fur-
ther enhance the properties of manganese oxide for emerging
applications.

2.1.1. Electrodeposition/Electrochemical Synthesis of
MnO,-based Electrode Material

The electrodeposition method has emerged as a promising
approach for synthesizing manganese oxide electrode mate-
rials tailored for lithium-ion batteries. The electrodeposition
technique involves the controlled deposition of manganese
oxide onto conductive substrates, allowing for the creation
of well-defined materials for the fabrication of nanostructured
electrodes with enhanced electrochemical performance. The
experimental procedures of electrochemical synthesis technique
can be achieved by controlling the experimental parameters,
such as: bath composition, pH, temperature of the electrolyte
solution, current density, and plasma frequency.’?”*! By con-
trolling these experimental parameters, the electrodeposition
process can be optimized, and desired results can be achieved
in terms of material properties, coating thickness, and overall
performance.

In the context of LIB applications, Cunha et. al”! explored
the development and characterization of MnO, electrodes for
lithium-air batteries using the electrodeposition technique,
emphasizing its suitability for fabricating electrodes with easy-
to-control parameters in a one-step process. This underscores
the versatility and controllability of electrodeposition for synthe-
sizing manganese oxide electrodes tailored for specific battery
applications. Yao et. al.’””! demonstrated the successful elec-
trodeposition of lithium and ammonium ions into manganese
dioxide, resulting in cation-doped and oxygen-deficient MnO,
cathodes with ultralong lifespan and wide-temperature-tolerant
properties. The study highlights the potential of electrodeposi-
tion combined with low-temperature calcination for synthesizing
advanced manganese oxide cathodes.

Additionally, Hudak and Huber! highlighted the synthe-
sis of nanostructured lithium-aluminium alloy electrodes for
lithium-ion batteries using electrodeposition, showcasing the
applicability of this method for fabricating nanostructured elec-
trodes with tailored properties. It has the potential to fabricate
advanced electrode materials with enhanced electrochemical
performance, making it a promising method for the develop-
ment of high-performance lithium-ion batteries.
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2.1.2. Hydrothermal Synthesis of MnO,-based Electrode Material

Hydrothermal synthesis is a popular method for fabricating
MnOx-based electrode materials due to its simplicity and
effectiveness.”” It has the ability to produce nanostructured
materials with desirable properties for various electrochemical
applications. Various manganese oxides, such as Mn;O,; and
MnOOH, have been synthesized using this technique, demon-
strating significant improvements in supercapacitor performance
due to their unique structures.”®”! The hydrothermal synthe-
sis method involves several critical steps, which include: the
preparation of precursors, the hydrothermal reaction, and the
post-reaction processing of the resulting materials.

Preparation of precursors: The initial step in hydrothermal syn-
thesis involves dissolving manganese salts, such as manganese
nitrate (Mn(NOs;),) or potassium permanganate (KMnO,), in
water. These salts serve as the primary source of manganese ions
during the synthesis process. The choice of precursors signifi-
cantly influences the morphology and electrochemical proper-
ties of the resulting MnOx materials. For instance, Lin et. al.l’%
demonstrated that using different manganese precursors led to
variations in the crystal structure and electrochemical perfor-
mance of the synthesized materials, highlighting the importance
of precursor selection in tailoring material characteristics for
specific applications.

Hydrothermal reaction: Once the precursors are prepared, the
solution is transferred to a sealed autoclave and heated to ele-
vated temperatures, typically ranging from 120 to 200 °C, for
several hours. This hydrothermal environment facilitates nucle-
ation and growth processes that result in the formation of MnOx
nanostructures. During this stage, parameters such as tempera-
ture, pressure, and reaction time are optimized to control the size
and morphology of the synthesized particles. For example, Dang
et. al.'®" reported that varying parameters can lead to different
morphologies, such as nanorods, nanospheres, or nanoflow-
ers. These unique structures obtained through hydrothermal
synthesis are beneficial for enhancing electrochemical perfor-
mance due to their increased surface area and improved charge
transport properties.

Post-reaction processing: After the completion of the hydrother-
mal reaction, the autoclave is cooled, and the resulting MnOx
material is washed and dried. This step is crucial for remov-
ing any unreacted precursors or by-products that can adversely
affect the material’s performance. The final product can be char-
acterized using techniques such as X-ray diffraction (XRD) and
scanning electron microscopy (SEM) to confirm its phase purity
and morphology.[8283]

The diverse morphologies achieved through hydrothermal
synthesis have significant implications for electrochemical appli-
cations. For instance, nanorod structures often exhibit high
surface area-to-volume ratios, which can enhance charge stor-
age capabilities. Nanospheres have a uniform size distribution
that can lead to improved conductivity and stability during

ChemistrySelect 2025, 10, e05576 (7 of 20)

cycling, while nanoflowers have complex structures that pro-
vide multiple active sites for redox reactions, which significantly
boost capacitance values and electrochemical parameters.!688184]
This method’s versatility not only underscores its significance
in material science but also highlights its potential for future
research aimed at developing high-performance electrodes for
supercapacitors and batteries.[®!

2.1.3. Solid Solution Synthesis of MnOy-based Electrode Material

The solid solution method involves the mixing of manganese
hydroxide with another metal hydroxide, such as nickel oxide,
to form a solid solution that improves the electrochemical prop-
erties of the resulting material. Materials such as manganese
hydroxide (Mn(OH),) and nickel hydroxide (Ni(OH),) are typically
used as precursors. The mixed hydroxides are heated at temper-
atures ranging from 350 to 1000 °C. This process leads to the
formation of a solid solution of nickel and manganese oxides,
which can significantly alter the electronic and ionic conduc-
tivity of the material.’®! The method allows for precise control
over the morphology of the synthesized materials, which leads
to nanostructured forms that provide a larger surface area for
electrochemical reactions and enhanced performance.l’”? Also,
the molecular-level mixing of reactants in solid solutions results
in homogeneity, which is beneficial for achieving consistent elec-
trochemical properties across the electrode material,'®>%8! and
the presence of multiple metal oxides can enhance the structural
stability of manganese oxide electrodes, reducing degradation
during cycling and extending their operational lifespan. Solid
solutions can mitigate undesirable phase transitions that often
occur in pure manganese oxides under operational conditions,
contributing to better performance stability over time. This
method is generally considered cost-effective due to the use
of readily available precursor materials and relatively simple
processing steps. The ability to produce high-performance mate-
rials without the need for expensive or complex equipment
contributes to its economic feasibility.®! It is in contrast with
the hydrothermal/solvothermal method, which is more expen-
sive due to the high-pressure equipment required and longer
processing times.

Diaz et. al.®® detailed the solid-state thermal decomposi-
tion of metal transition malonates and succinates to produce
various metal oxides, including manganese oxides. The method
involved the solid-state decomposition of precursors like man-
ganese hydroxide, which resulted in the formation of MnO and
MnO, with tailored properties for electrochemical applications.
Their novel solid-state method started with the preparation of
macromolecular complexes and then subjected to solid-state
pyrolysis at high temperatures (800 °C) to produce nanopar-
ticles of metals and metal oxides. This method is highlighted
for its eco-friendly, economic benefits, scalability, and environ-
mental remediation. Xie et. al.l®8 highlighted the synthesis of
a-MnO, via solid-phase synthesis, which was compared with
other methods, such as hydrothermal synthesis.

The solid-state method provided distinct advantages in terms
of catalytic properties for applications, such as oxidation reac-
tions, demonstrating its effectiveness in producing high-purity

© 2025 Wiley-VCH GmbH

85UB0 17 SUOWWOD 8AIRRID) 8|qeotjdde ay) Aq peuseno a8 s3Il VO ‘88N JO Sa|NJ 104 ARig 1 BUIIUO AB|IAA UO (SUOIPUOO-PUR-SWIBHWO0D" A3 1M ARe1q)1BU1 UO//SdNL) SUORIPUOD pue SWS | 8y} 885 *[6202/80/6T] U0 Afeiq)auluo A8|1M ‘ABojouyos L JO ANsieAlun auemus L Aq 9G50v202 105/200T 0T/I0p/woo" A8 |im: Areiq 1 puljuo'adone-Ans iLueyo//sdiy ol papeoiumod ‘2 ‘roz ‘BYSIG9ET



Chemistry
Europe

European Chemical
Societies Publishing

Review

ChemistrySelect doi.org/10.1002/slct.202405576

manganese oxides. A review by Jaldurgam et. al.’®®! discussed
the use of solid-state methods to synthesize cost-effective and
environmentally friendly nanostructured thermoelectric materi-
als, including manganese oxides. This approach facilitated large-
scale production while maintaining desirable thermoelectric
properties. By optimizing precursor selection, calcination condi-
tions, and material composition, the electrochemical properties
of these materials can be tailored to meet specific application
requirements.

3. Chemically Synthesized CNTs/MnOy electrode
for LIBs

Chemically synthesized CNTs (Chem-CNTs) are manufactured
using synthetic methods that typically involve chemical or cat-
alytic processes. Nanostructured MnO, and their composites
with Chem-CNT offer several advantages as electrode mate-
rials for energy storage devices. These materials have high
catalytic activity, conductivity, stability, and low cost, making
them promising for applications in water electrolysers, pseudo-
capacitors, and batteries.”" The nanostructured morphologies of
these materials, such as faceted, hollow, and 1D structures, fur-
ther enhance their electrochemical performance. Islam et. al.l*?
reported that the incorporation of MnO, nanostructures into
CNT can improve the mechanical strength and stiffness of the
electrodes, while also reducing the electrical resistance and
achieving outstanding rate capability. Additionally, the doping
of graphene and multi-walled carbon nanotubes with MnO,
nanostructures enhances their electrochemical activities, lead-
ing to larger specific capacitance values.®® Overall, nanos-
tructured manganese oxides and their composites with CNT
show great potential as electrode materials for energy storage
devices, but further research is needed to address conductivity
limitations.[%4-%¢]

Subramanian et. al®’! explored the synthesis of fibre-
shaped coaxial electrodes with a nickel fibre as the current
collector, where nanostructured MnO, domains are elec-
trochemically inserted into continuously interconnected
CNT networks. This hybrid structure imparts both elec-
trical conductivity and mechanical durability to MnO.
Subramanian et. al. concluded that the hybrid systems
have potential for wearable energy storage and harvesting
devices.

Kim et. al®® focused on the electrodeposition of MnOy
nanoparticles onto sheets of CNT. The resulting composites
exhibit high specific capacitances, high charge/discharge rate
capabilities, and excellent cyclic stability. The performance of
the composites is controlled by the average size of the MnO,
nanoparticles on the CNTs. The study suggests that the com-
posites can be used as electrodes for lithium batteries and
supercapacitors. Gong et. al.[®® discussed the synthesis of nanos-
tructured manganese oxides using simple soft chemical meth-
ods. The electrochemical properties of the manganese oxides
and their composites with carbon nanotubes were evaluated,
and the influence of structural/surface properties on the electro-
chemical performance was highlighted. Gong et. al. highlighted
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Figure 2. Schematic diagram of SWCNT and MWCNT.

the potential of manganese oxides and their composites as
electrode materials for supercapacitors and LIBs.

Although chemically produced carbon nanotubes (Chem-
CNTs) have been extensively employed for a variety of energy
applications, their significant drawbacks, especially with regard
to cost and environmental impact, have rendered them unsuit-
able for use as an environmentally acceptable, sustainable, and
economical energy storage medium. Their manufacturing fre-
quently uses non-renewable hydrocarbon feedstocks, including
acetylene or methane, which contribute to resource depletion
and greenhouse gas emissions. However, compared to Chem-
CNTs, Agro-CNTs have some advantages, especially in terms of
cost effectiveness and sustainability.

3.1. Synthesis of Agro-CNTs

Carbon nanotube (CNT), discovered in 1991 by lijima, is made
of a coiled graphene sheet with a hexagonal (honeycomb) lat-
tice structure and torsion forces. It is fabricated when nano-sized
fullerenes elongate and take on a tubular shape. As shown in
Figure 2, CNT has been divided into two types: single-walled
carbon nanotubes (SWCNT) and multi-walled carbon nanotubes
(MWCNT).[99-1021

The synthesis of Agro—CNT represents a sustainable approach
to utilizing biomass for advanced material production. This pro-
cess not only addresses waste management issues but also
contributes to the development of valuable nanomaterials with
diverse applications. Agro-CNTs are derived from various agri-
cultural byproducts, which are rich in carbon content. These
agro-derived CNTs help to recycle agricultural waste that would
have otherwise harmed the environment, consequently promot-
ing resource utilization and environmental sustainability. With
these, researchers hope to establish a circular economy where
agricultural wastes are converted into high-value commodities
by turning these wastes into CNTs. Agro-CNTs have been syn-
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thesized using a variety of techniques, each with special benefits
and procedures.

3.1.1. Chemical Vapor Deposition (CVD)

The CVD method involves the continuous flow of carbon-
containing gas over a catalyst at elevated temperatures. This
process allows for the decomposition of the gas into carbon
atoms, which then precipitate on the catalyst surface to form
CNTs. The main advantages of CVD include its simplicity, cost-
effectiveness, and the ability to control the growth parameters
effectively, making it suitable for large-scale production.3104
The method involves thermal decomposition of precursor
gases/carbon sources to produce high-purity films and coat-
ings through a controlled process consisting of vapourization,
reaction, deposition, and film formation. Traditional common
carbon sources used in CVD include hydrocarbons, such as ethy-
lene, acetylene, and methane.'™ The use of agricultural waste
as a carbon source in the chemical vapor deposition method
for synthesizing carbon nanotubes (CNTs) requires additional
preprocessing steps, such as drying, grinding, or chemical treat-
ment. However, this method comes with several advantages and
opportunities, as well as challenges.

Transition metals like nickel (Ni), cobalt (Co), and iron (Fe) are
typically employed as catalysts in the CVD process. The type and
thickness of the catalyst layer can influence the growth rate and
structural properties of CNTs. For instance, Ni has been shown to
exhibit superior catalytic activity compared to Co and Fe.""®! The
growth temperature is critical in determining the diameter and
density of CNTs. Increasing the temperature generally enhances
the growth rate. For example, a rise from 750 to 950 °C can
increase the growth rate significantly."! There are two growth
mechanisms in CVD. One is the vapor-liquid—solid (VLS) mech-
anism, where carbon atoms dissolve in a liquid metal catalyst
particle before precipitating out as solid CNTs when saturation
is reached, and the second is solid-state growth, where carbon
atoms directly deposit on solid catalyst particles without going
through a liquid phase.

A study by Haleem et. all”! explored the use of poul-
try litter for synthesizing MWCNTs. The researchers utilized a
Ni/Mo/MgO catalyst and optimized various parameters, such as
temperature and catalyst weight, to achieve a good yield of
CNTs. The results indicated that poultry litter is a viable low-cost
carbon source for CNT production, with effective applications in
removing chromium from wastewater.

3.1.2. Thermal Decomposition

This method involves heating agro-waste without oxygen at a
temperature range between 500 and 800 °C through pyrolysis
to achieve its thermal decomposition and efficiently transform
it into materials that are rich in carbon. One successful method
of producing CNTs through pyrolysis is the processing of sugar
cane refuse and coconut shells, as reported by Alves et. al.l'%!
Sugar cane bagasse, when pyrolyzed at temperatures between
600 and 1000 °C, produces long, straight, multi-wall nanotubes
with diameters ranging from 20 to 80 nm and lengths of
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approximately 50 um. The process not only generates CNTs but
also bio-syngas, which can be utilized for energy production,
enhancing the overall value of the waste material.['°""]

3.1.3. Hydrothermal Carbonization

Hydrothermal carbonization (HTC) is a promising method
for converting agricultural residues into carbon-rich materi-
als, including Agro-CNTs. This process involves the thermal
treatment of biomass in a high-pressure, water-saturated envi-
ronment, leading to the formation of hydrochars and other
carbonaceous products. The HTC process typically occurs
at temperatures ranging from 180 to 250 °C under elevated
pressure. The reaction conditions significantly influence the
quality and yield of the resulting carbon products. For instance,
higher temperatures favor the conversion of biomass into pri-
mary char and enhance carbon. The fabrication of Agro-CNTs
through hydrothermal carbonization represents an innovative
approach to managing agricultural waste while producing valu-
able carbon-rich materials. This process not only contributes
to sustainable waste management but also enhances energy
production capabilities.

Lucian et. al."%! investigated the HTC of various agro-wastes,
including olive trimmings, grape marc, and Opuntia ficus indica.
The research focused on modeling the kinetics of carbon dis-
tribution during HTC, highlighting that higher temperature (up
to 250 °C) optimizes carbon recovery in hydrochar, which can
be further processed to produce CNTs. A review by Jirimali
et. al.'"™ addressed various methods for synthesizing nanostruc-
tured carbon materials from agricultural waste. It covers the
synthesis of CNTs using hydrothermal methods and empha-
sizes the versatility of agricultural feedstocks, such as sugarcane
waste, rice husk, and others, in producing high-quality carbon
materials.

3.1.4. Fluidized Bed Reactor

The synthesis of Agro—CNTs using fluidized bed reactors (FBRs)
involves innovative methodologies that enhance the efficiency
and scalability of CNT production.™! FBRs provide a unique
environment for the growth of CNTs. The method allows for the
uniform distribution of catalyst particles and reactants, which
is crucial for the effective synthesis of CNTs."3 Agro-waste is
reacted with a catalyst in a fluidized bed shown in Figure 3,
at temperatures between 500 and 800 °C to produce CNTs.
Research has demonstrated that FBRs can achieve higher pro-
duction rates and better quality CNTs compared to traditional
methods. The fluidization effect minimizes agglomeration of
catalyst particles, promoting a more homogeneous reaction
environment. This leads to improved thermal stability and yield
of the produced CNTs.[M]

Lamacz et. al.l" shown that solid biomass waste, such as
rice straw and other agricultural residues, can be thermochem-
ically converted into CNTs. These processes often utilize FBR to
optimize the synthesis conditions and maximize yield.
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Figure 3. Schematic diagram of FBR. Reproduced with permission from ref. [114] Copyright 2015, Chemical Society Review.

3.1.5. Microwave-Assisted Pyrolysis (MAP)

The production of Agro-CNTs through MAP represents a signifi-
cant advancement in sustainable materials production. It utilizes
microwave energy to facilitate the thermal decomposition of
biomass, leading to the formation of high-quality CNTs.™! In
MAP, microwaves provide rapid and uniform heating, which
enhances the efficiency of the pyrolysis process compared to
conventional heating methods."! This results in higher yields
of CNTs and other valuable byproducts. The pyrolysis process
involves heating the biomass at elevated temperatures (typically
between 400 and 600 °C) under an inert atmosphere, which
prevents combustion and allows for the formation of carbon-
rich products.™2% The addition of catalysts, such as ferrocene,
can enhance CNT growth during the pyrolysis process. Catalysts
help in controlling the structure and quality of the synthesized
CNTs.[™]

MAP is generally more energy-efficient than traditional pyrol-
ysis methods due to its rapid heating capabilities and lower
operational costs, and produces quality CNTs that exhibit supe-
rior properties, including higher graphitization levels and better
structural integrity, which are crucial for various applications
in nanotechnology and materials science.'™ A comprehensive
review by Jirimali et al™ discussed various agricultural waste
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materials, such as sugar cane waste, pineapple biomass, and

rice husk, for synthesizing nanostructured carbon materials. The

review emphasized the increasing trend of using renewable agri-
cultural feedstocks in producing carbon nanomaterials through
methods like pyrolysis and MAP.

Recent studies have highlighted various agricultural byprod-
ucts as effective precursors for CNT production, showcasing
innovative methods and significant yields. Agricultural waste as
a precursor for CNTs includes:

e Corn waste: Onishchenko et al,” demonstrated that
mechanically activated amorphous carbon derived from
corn waste yielded 42% CNTs after 42 h of processing and
underscored the potential of utilizing common agricultural
residues for efficient carbon nanomaterial synthesis.

e Sphagnum moss and maize waste: In another study by
Onishchenko and Reva,!”! mechanochemical treatment of
Sphagnum moss and maize waste resulted in yields of up
to 75% for multilayer CNTs and highlighted the effective-
ness of different agricultural wastes in producing high-quality
CNTs.

o Yellow maize seeds: Duraia et al.'?®! explored a thermal anneal-
ing process at high temperatures (1050 °C) to modify yellow
maize seeds, achieving a green synthesis strategy that pro-
duced multi-wall CNTs without external catalysts. This method
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not only enhances yield but also aligns with environmentally
friendly practices.

® Hydrochars from agricultural wastes: Tohamy et al!
reported that hydrochars derived from various agricul-
tural wastes can serve as effective adsorbents, indicating
their potential in environmental applications alongside CNT
production.

o Diverse feedstocks: A review by Jirimali et al™ elaborated
on various agricultural residues such as sugarcane, rice husk,
and coconut shells, which can be transformed into nanostruc-
tured carbon materials through methods like pyrolysis and
hydrothermal synthesis. These materials exhibit versatility in
applications ranging from energy storage to environmental
remediation.

Utilizing agricultural waste for CNT production not only
addresses the issue of biomass waste but also mitigates envi-
ronmental damage associated with traditional disposal methods.
The report presented by Fathy et. al.'”»! emphasized on waste
management as a technical means of greenhouse gas emis-
sions reduction. Moreover, the generated CNTs have significant
economic potential, finding applications in environmental reme-
diation as CNTs' high surface area and reactivity make them
suitable for adsorbing pollutants. In the area of energy storage,
CNTs are being explored for use in batteries and supercapac-
itors due to their excellent electrical conductivity. Equally, the
unique properties of CNTs enable their use in various sensing
applications, enhancing detection capabilities.

The synthesis of CNTs from agro-waste is a rapidly evolving
field that combines resource recovery with innovative mate-
rial science. The diverse methodologies employed, ranging from
mechanical activation to thermal annealing, demonstrate the
feasibility and effectiveness of using agricultural byproducts as
precursors for high-quality CNTs. Resultantly, the sustainabil-
ity and economic viability of the synthesized Agro-CNTs are
expanded, positioning agricultural waste as a valuable resource
in nanotechnology.[?%""!

124]

3.2. Agro-CNT/MnOx Electrode for LIBs

The exploration of CNTs derived from agro-waste, in combi-
nation with manganese dioxide (MnO,), for use in lithium-ion
battery (LIB) electrodes has not been widely studied, but it rep-
resents a promising research avenue. Agro-derived CNTs may
contain defects or amorphous carbon, potentially reducing con-
ductivity compared to high-purity CNTs, but this can be offset by
heteroatom doping (e.g., nitrogen-doping) or hybridization with
MnO. When integrated with Agro CNTs, MnO also benefits from
the conductive network, enhancing its redox kinetics. The CNT
network facilitates charge transport, minimizing internal resis-
tance, and enhancing power density. This composite material
aims to harness the excellent conductivity, mechanical proper-
ties, abundance, and sustainability nature of Agro-CNTs along-
side the high theoretical capacity and eco-friendliness of MnO,.
The incorporation of MnO, significantly boosts the theoretical
specific capacity, thereby enhancing the energy storage poten-
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tial of the anode.'°! Utilizing agro-waste-derived CNTs not
only minimizes waste but also offers a sustainable raw material
source.l¥’3%1 Furthermore, the synergy between Agro-CNTs and
MnO, enhances the structural stability of the electrode, result-
ing in improved cycling performance and durability.'33! These
characteristics position this composite as a viable candidate for
next-generation lithium-ion batteries. Shown in Table 3 are the
properties of Agro-CNT, conventional MnO, and Agro-CNT/MnO
composites.

For emphasis, Agro-CNT has been explored as a potential
material for energy storage applications. When used as an elec-
trode material, Agro-CNT can be combined with MnO, to form
a composite electrode for LIBs with promising electrochem-
ical performance, including high specific capacity and good
cycling stability. The use of agro waste-derived CNTs not only
offers a sustainable approach to nanomaterial synthesis but also
contributes to the development of eco-friendly energy stor-
age solutions. The use of Agro-CNT and other nanomaterials
for energy storage devices, including LIBs, is a growing area
of research and development."**%2! Agro-CNT possesses spe-
cific properties that make it suitable for various energy storage
devices, including LIBs and other applications. The properties of
Agro-CNT that contribute to their suitability for energy storage
devices may include the following:

e High surface area: Agro-CNT typically exhibits a high sur-
face area, which is advantageous for energy storage applica-
tions, as it allows for increased electrochemical activity and
enhanced charge storage capacity.!'"]

e Conductivity: Agro-CNTs are known for their high electrical
conductivity, which is a desirable property for energy stor-
age devices, as it facilitates efficient charge transport and
high-power output.['°]

e Mechanical strength: Agro-CNTs possess superior mechani-
cal strength, which is beneficial for their use in LIBs, as it
contributes to the structural integrity and durability of the
materials, leading to long cycle life and reliability.™

e Electrochemical activity: Agro-CNTs exhibit excellent electro-
chemical activity, making them suitable for use in various
energy storage and conversion devices, including LIBs.™

e Environmental sustainability: The use of Agro-CNT contributes
to environmental sustainability, as it involves the recycling of
agricultural residues to produce high-value nanomaterials for
energy storage applications, aligning with the principles of
green and sustainable chemistry.'® These properties collec-
tively make Agro-CNT attractive for a wide range of energy
storage applications, highlighting their potential for contribut-
ing to the development of efficient and sustainable energy
storage devices.

Once the Agro-CNTs are obtained, they can be incorpo-
rated into manganese oxide using various techniques such as
electroless plating,!™*! spray coating,™* thermal radiation coat-
ing dispersion, wet impregnation, and screen printing."*! These
methods provide different approaches to coat Agro—CNTs with
various materials, and the choice of method depends on the spe-
cific application and the properties desired in the final composite
material.
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Table 3. Agro CNT, conventional MnO, and Agro-CNT/MnO composite electrode properties.

Property Agro-CNT MnO Agro-CNT/MnO Composite References

Origin Derived from agricultural biomass Synthetic transition metal oxide Hybrid of bio-carbon and [134,135]
(e.g., rice husk, sugarcane bagasse) MnO nanoparticles

Structure Tubular, high aspect ratio, porous Nanoparticles/nanosheets, 3D porous composite with [136,137]
network agglomeration-prone dispersed MnO

Conductivity Moderate (due to partial Low (~10~° S/cm) High (enhanced by conductive [135,138]
graphitization and defects) CNT network)

Electrochemical Double-layer capacitance, minor High pseudocapacitance via Mn Synergistic: fast redox + fast [136,139]

activity redox activity redox charge transport

Environmental impact Renewable, low-cost, waste Abundant, low toxicity Sustainable energy storage [134]
valorization material

Figure 4. Schematic diagram of electroless plating method. Reproduced
with permission from ref.[149] Copyright 2011, Elsevier Ltd.

3.2.1. Electroless Plating Method

Electroless plating technique is a promising approach for the
fabrication of Agro-CNTs /MnOx electrode to be used for
lithium-ion batteries. It is a chemical deposition technique that
allows for the coating of substrates without the need for an
external electrical power source. This method is particularly
advantageous for creating uniform coatings on complex geome-
tries, as it relies on autocatalytic reactions to deposit materials
like metals or metal oxides onto surfaces. The process, as shown
in Figure 4, typically involves immersing a substrate into a plat-
ing bath containing a solution of metal ions and a reducing
agent, which facilitates the deposition of metal/metal oxide onto
the substrate through chemical reduction.] The fabrication
of Agro-CNTs/MnOx electrodes through the electroless plating
method involves a series of well-organized steps that utilize the
benefits of this approach. First, Agro-CNTs sourced from agri-
cultural by-products are carefully cleaned and functionalized to
increase their surface reactivity, a critical step for the effective
deposition of manganese oxide (MnOx) in the following stages.
To prepare the plating bath, manganese salts are dissolved in
deionized water, followed by the addition of a reducing agent,
typically sodium borohydride or hydrazine. The functionalized
Agro-CNTs (acting as the substrate) are then immersed in this
solution at an optimal temperature, enabling uniform MnOx
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deposition on their surface over a controlled time period. Once
plating is complete, the electrodes are rinsed and dried, with an
optional thermal treatment step to further improve their elec-
trochemical properties.318] This technique provides excellent
thickness uniformity, which is crucial for maintaining consistent
electrochemical properties across the electrode surface.

This is especially beneficial when dealing with intricate
geometries that may be challenging to coat uniformly using
traditional electroplating methods. Zhang et. al™! discussed
how electroless plating could effectively fabricate metal/CNT
structures, emphasizing its advantages, such as uniform coat-
ing and low porosity. The discussion highlighted the suitability
of electroless plating for modifying carbon nanotubes, which
can be applied to produce hybrid electrodes with MnOx for
improved electrochemical properties. The review equally out-
lined different methodologies for electroless plating, including
traditional methods and ultrasonic spray atomization-assisted
techniques. It emphasized the ability of electroless plating to
achieve high-quality coatings on CNTs, which is crucial for
developing effective Agro-CNT/MnOx electrodes.

3.2.2. Spray Coating Method

The spray coating method for producing Agro—-CNT/MnOx elec-
trodes involves several key steps that optimize the performance
of lithium-ion batteries (LIBs). Initially, a stable suspension is pre-
pared by dispersing Agro-CNTs in a suitable solvent, often using
ultrasonic treatment to achieve a uniform distribution. This sus-
pension is then mixed with MnO, to form a composite solution.
The next step involves using a spray nozzle to atomize this mix-
ture into fine droplets, which are subsequently deposited onto
a current collector substrate, typically made of aluminium or
copper. After spraying, the coated substrate is dried, often at
elevated temperatures, to remove the solvent and solidify the
coating. This process enhances the adhesion between the Agro-
CNTs and MnOy, resulting in a robust electrode structure that
facilitates improved electrical conductivity and ionic transport
during battery operation.[-52]

The spray coating technique is suitable for producing a uni-
form mixture of Agro-CNT and MnOx onto the current collector.
This uniformity is crucial for ensuring consistent electrochemi-
cal performance across the electrode surface. By controlling the
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Figure 5. Process flow of screen printing of MWCNTs on alumina. Reproduced with permission from ref.[157] Copyright 2017, Elsevier Ltd.

thickness of the coating, the method minimizes issues related
to excessive porosity and mechanical instability that can arise
from traditional methods like slurry casting.!>"> The spray coat-
ing method facilitates the formation of a 3D conductive network,
enhancing electron transfer at the cathode surface. This struc-
ture not only improves overall conductivity but also helps in
mitigating issues related to phase segregation and poor tapped
density commonly seen in nanomaterials.™ Overall, the spray
coating method serves as an effective approach to optimize
the performance of Agro-CNT/MnOx electrodes in lithium-ion
batteries by enhancing conductivity, ionic diffusion, structural
stability, and mitigating side reactions. These improvements col-
lectively contribute to better energy density, cycle life, and safety
of LIBs.™®! Burblies et. al!®®! explored the automated spray-
coating process for applying carbon nanotube (CNT) dispersions
onto platinum substrates. While this research primarily focused
on CNTs, it demonstrated the advantages of spray coating in
achieving high homogeneity and reproducibility in electrode
fabrication, which can be extrapolated to Agro-CNT/MnOx sys-
tems. A review article by Bryntesen et. al.™ discussed various
methods for producing LIB electrodes, emphasizing the role
of processing techniques like spray coating in enhancing elec-
trode properties. The review indirectly supports the feasibility of
applying a similar approach to the synthesis of Agro-CNT/MnOx
composites.

3.2.3. Screen Printing Method

Screen printing is a widely adopted technique for doping mate-
rials, especially in electronics and photovoltaic applications.
The process starts with preparing a paste that includes the
dopant—CNTs sourced from agricultural waste—combined with
solvents and binders. This paste is then applied onto a sub-
strate, like manganese oxide or alumina, through a mesh screen
as shown in Figure 5. Once printed, the layer is dried to elim-
inate solvents and may undergo high-temperature annealing
to enhance its properties and ensure proper dopant integra-
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tion. This technique provides key advantages, including versa-
tility in material choice, scalability for large-scale production,
and precise control over film thickness, making it indispens-
able in modern material science and engineering.”’-6% Screen
printing of carbon nanotubes on manganese oxide has been
explored for various applications, including the development of
highly conductive electrodes for supercapacitors. Wang et. al,[*!
demonstrated the preparation of highly flexible conductive elec-
trodes by screen printing a commercial carbon polyethylene
terephthalate (PET) and paper, which included multi-walled car-
bon nanotubes-manganese dioxide (MWCNTs-MnO,) anodes.
Additionally, Wang et. al.™" research has investigated the com-
bination of Mn-Mo oxide nanoparticles on carbon nanotubes
through nitrogen doping to catalyse the oxygen reduction
reaction, highlighting the effectiveness of doping in enhanc-
ing the electrocatalytic performance and electron conductivity
of the composite. These studies showcased the potential of
screen-printing carbon nanotubes on manganese oxide for the
development of advanced electrodes with improved properties
for various applications. The process of screen printing is as
follows:

e Preparation of dopant paste: The carbon nanotubes are mixed
with a suitable binder and solvent to create a paste.

® Screen printing: The paste is then spread onto the manganese
oxide substrate using a mesh screen. The screen has a pattern
that allows the paste to pass through in certain areas, creating
a pattern of the dopant on the substrate.

e Drying and curing: The substrate is then dried to evaporate
the solvent, leaving behind the dopant on the substrate sur-
face. This is followed by a curing process, which typically
involves heating the substrate to a certain temperature to
ensure the proper adhesion of the dopant to the substrate.

The screen-printing method allows for precise control over
the amount and distribution of the dopant on the substrate. It
is a simple, cost-effective, and scalable method that has been
widely used in the fabrication of electronic devices. It is impor-
tant to highlight that the doping outcomes can be notably
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influenced by specific parameters, including the paste compo-
sition, screen printing conditions, and the drying and curing
processes. These factors require careful optimization according
to the particular requirements of the research 62164

4. Cost effectiveness of Agro-CNT/MnOx
Materials Over Conventional Graphite Electrode
in LIBs

The integration of MnO, with CNTs derived from agricul-
tural waste presents a promising avenue for developing
cost-effective and sustainable electrode materials for lithium-
ion batteries (LIBs). When evaluating the cost-effectiveness
of Agro-CNT/MnOx composites compared to conventional
graphite/MnOy electrodes, several factors merit consideration.

4.1. Material Sourcing, Production Costs, and Environmental
Impact

4.1.1. Agro-CNT/MnOx Composites

Agro CNT/MnO, composites represent a sustainable advance-
ment in LIB anode materials. By converting agricultural residues
into conductive carbon matrices, these composites address cost
and environmental concerns while enhancing electrochemical
performance. For example, banana stem waste has been trans-
formed into Fe;0,/C nanocomposites through a simple process
involving iron salt impregnation and carbonization at 800 °C
under CO,. This method yields Fes0, nanoparticles embedded
in a graphitic carbon framework, achieving a specific capacity of
405.6 mAh/g at 0.1 A/g and retaining stability over 1000 cycles—
outperforming conventional graphite anodes at high currents
(172.8 vs. 63.9 mAh/g at 2 A/g).l"®"]

Similarly, tremella fungus-derived N-doped carbon/MnO
composites demonstrate 1000 mAh/g capacity with 98%
retention after 200 cycles, attributed to enhanced Li* diffu-
sion and conductivity from nitrogen functional groups.!'s®
These biomass-derived carbons provide high surface areas
of 1557 m?/g for tremella carbon and stabilize metal oxide
structures during cycling, mitigating volume expansion.

Environmentally, this approach reduces reliance on synthetic
materials and diverts agricultural waste from landfills, aligning
with circular economy principles. The energy-efficient produc-
tion of Agro-CNTs (compared to glass/carbon fibers) further low-
ers the carbon footprint of LIB manufacturing. By combining per-
formance gains with eco-friendly innovation, Agro-CNT/MnO
composites emerge as scalable, cost-effective solutions for next-
generation energy storage.

4.1.2. Conventional Graphite/MnO, Electrodes

Traditional graphite production, whether from natural or syn-
thetic sources, involves energy-intensive processes that signif-
icantly contribute to higher material costs and environmental
impact. Natural graphite production of 1 ton consumes the life

ChemistrySelect 2025, 10, 05576 (14 of 20)

cycle energy approximately 112.48 GJ, with the processing stage
accounting for about 41.71% of this total.'®”! On the other hand,
the Synthetic graphite process involves thermal graphitization
of amorphous carbon precursors at extremely high tempera-
tures (around 3000 °C) over several days.'®! These processes
require significant amounts of energy, contributing to high
environmental impacts.

The environmental impact of traditional graphite production
is not only related to energy consumption and emissions but
also to resource extraction and waste generation. As the demand
for graphite continues to grow, driven by its use in lithium-
ion batteries and other applications, there is an increasing need
for more sustainable production methods. Innovations such
as using biomass-derived materials or improving process effi-
ciencies can help mitigate these environmental concerns while
maintaining the economic viability of graphite production.!®”!

4.2. Electrochemical Performance and Longevity

Agro-CNT/MnOx Composites: Agro—CNT/MnOx composites have
demonstrated promising potential in energy storage applica-
tions due to their ability to achieve high specific capacities and
maintain good cycle stability. These composites leverage the
synergistic effects of CNTs and MnOy, where CNTs enhance elec-
trical conductivity and mechanical strength, while MnOy con-
tributes to high electrochemical activity. For instance, Xiangjun
et. al used a solvothermal method to synthesize MWCNTs/Mn30,
nanocomposites, which showed favourable lithium storage abil-
ity and electrical conductivity, highlighting the potential of such
composites in LIB and other energy storage devices. The results
demonstrated that Mn;O,4 uniformly coated the surface of CNTs,
delivering a reversible charge capacity of 809.9 mA h g~ at a
current density of 40 mA g~'. Additionally, the specific discharge
capacity increased from 644.2 to 796.1 mA h g~ after 50 cycles
at 160 mA g~ ', indicating excellent cycling stability.[”?!

Although specific studies on agro-waste-derived CNTs com-
bined with MnO, are limited, the general approach of inte-
grating CNTs with metal oxides has been well-documented. For
example, MnO,/CNT composites have been extensively stud-
ied for supercapacitor applications, demonstrating enhanced
electrochemical performance due to the conductive network
provided by CNTs and the pseudocapacitance of MnO.[""! These
findings suggest that Agro-CNT/MnOx composites could sim-
ilarly benefit from the combination of high conductivity and
electrochemical activity, making them promising candidates for
advanced ESS.

4.2.1. Conventional Graphite/MnO, Electrodes

Although graphite/MnOy electrodes have been extensively stud-
ied, research indicates that carbon nanotube (CNT)-based MnO,
composites often exhibit superior electrochemical performance.
For instance, a study comparing various carbon supports in
MnO,-based supercapacitors found that MnO,/CNT compos-
ites demonstrated higher specific capacitance and better rate
capability compared to those using graphite or other car-
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Table 4. Comparative analysis of anode materials for LIBs.
Anode Material Synthesis Route Production Cost Specific Capacity Cycle Stability Environmental Impact Ref.
(mAh/g)

Agro-CNT/MnOx Conversion of Low Initial discharge ~75% capacity Utilizes renewable [174,175]
Composites agricultural waste capacity of 1104 retention after resources; reduces

(e.g., rice husks) mAhg™' 200 cycles agricultural waste;

into C, followed Initial discharge 30% capacity environmentally

by MnOx 1160 mAh/g improvement friendly synthesis

deposition after 160 cycles
Conventional Mining and Moderate to ~350-370 >90% capacity Energy-intensive [176,177]
Graphite high-temperature High retention over extraction and

processing of 500 cycles processing; significant

natural graphite environmental

footprint

Si-C Composites Integration of High ~1000-1500 ~80% capacity High energy [178-180]

silicon with retention after consumption in silicon

carbon sources 300 cycles processing; potential

(e.g., environmental

asphalt-derived concerns; efforts

carbon) ongoing to develop

low-cost alternatives

bon materials. The improved performance was linked to the
efficient electron transport and favorable interaction between
MnO, and the CNT network.[”?! Another study highlighted that
MnO,/CNT composites achieved a specific capacitance of 330 F/g
at 1 A/g, which was approximately 79% higher than that of pure
MnO,. This significant enhancement underscores the effective-
ness of CNTs in boosting the electrochemical performance of
MnO,-based electrodes.™! These findings suggest that although
graphite/MnOy electrodes are functional, incorporating CNTs can
lead to notable improvements in performance metrics such as
specific capacitance and cycling stability.

Overall, Agro-CNT/MnOx composites offer a more affordable
and environmental solution to lithium-ion battery electrodes
than conventional graphite/MnO, electrodes. These composites
reduce material costs by recycling agricultural waste, which also
helps to make battery manufacturing greener. To fully take use
of these novel materials’ economic benefits, more research and
development are necessary to improve synthesis procedures and
increase production. Table 4 presents the comparative analysis of
anode materials for LIBs.

5. Optimization of Process Parameters

The morphology of Agro-CNTs is expected to significantly
influence the performance of MnO, electrodes in various elec-
trochemical applications. A higher surface area of Agro—CNTs
allows for more active sites for MnO, deposition, enhancing
the overall electrochemical activity. This increased area facili-
tates better ion transport and interaction with the electrolyte,
leading to improved charge storage capacity.™ The porous
structure of Agro-CNTs aims at aiding in the intercalation and
de-intercalation of electrolyte ions. A well-designed porous mor-
phology can enhance the accessibility of ions to the MnO,,
which is crucial for achieving high specific capacitance and rapid
charge/discharge rates.®! Moreover, vertically aligned CNTs can
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provide a more efficient pathway for electron transport com-
pared to randomly oriented CNTs. However, excessive packing
density may hinder electrolyte penetration, negatively impacting
performance. Thus, an optimal balance in CNT spacing is essen-
tial for maximizing electrochemical efficiency.[**'®3 Therefore,
the integration of MnO, with Agro—CNTs can create a synergistic
effect that enhances conductivity and stability.

5.1. Temperature and Pressure Conditions

Adjusting synthesis conditions such as temperature and pres-
sure during the fabrication of Agro-CNTs/MnOy electrodes is
crucial for optimizing their electrochemical properties. High-
temperature synthesis can enhance the crystallinity and phase
stability of the resulting electrodes, leading to improved perfor-
mance.

Zeng et. al.'® prepared Birnessite MnO2 supported on CNTs
via in situ—redox reaction to use as a catalytic composite for
the removal or reduction of emitted ethyl acetate from harmful
volatile organic compounds (VOCs). The research revealed that
elevated temperatures facilitate better crystallization of man-
ganese oxides (MnO,), which is essential for achieving high
electrochemical activity. As shown in Figure 6, the research
shows a Thermogravimetric Analysis (TGA) graph for various
Manganese oxide-carbon nanotube composites with respect to
temperature. The TGA curves (in black) show relative weight
percentage as a function of temperature, indicating the ther-
mal stability and decomposition behavior of the compounds.
The differential thermogravimetric (DTG) curves (in blue) high-
light weight loss rates, which pinpoint the temperature ranges
where significant decomposition occurs. The composite, MnO,-
CNTs, showed 19.11% weight loss (Figure 6a). Similar analyses
were observed for the composites with increasing MnO, con-
tent. Figure 6b-d exhibited 39.93% weight loss, 69.23% weight
loss, and 78.13% weight loss, respectively. This analysis helps in
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Figure 6. TGA analyses of (a) IMnO,-CNTs, (b) 4MnO,-CNTs, (c) 8Mn0O,-CNTs, and (d) e-MnO,-CNTs (ramping from 30 to 800 °C at 10 °C/min under air
atmosphere). Reproduced with permission from ref. [184] Copyright 2022, Springer.

understanding the stability and potential applications of these
composites in thermal or oxidative environments. The research
also showed that MnOy synthesized at temperatures around
150 °C exhibited significantly enhanced catalytic activity due to
improved structural integrity and thermal stability of the carbon
nanotube (CNT) support. The interaction between MnO, and
CNTs is also optimized under these conditions, contributing to
a higher density of active sites on the electrode surface, which is
critical for efficient ion transport and charge storage.'®"

Cursaru et. all®! synthesized ZnO-CNT nanocomposites
using an in situ hydrothermal method under high pressure,
leading to complex structures with improved properties. Their
research showed that the pressure conditions during synthesis
can influence the morphology and electrochemical characteris-
tics of the electrodes. High-pressure environments can lead to
a more uniform distribution of MnO, on Agro—-CNTs, enhancing
the overall conductivity and stability of the composite mate-
rial. This uniformity is vital for applications in energy storage
devices, where consistent performance over multiple charge-
discharge cycles is required. This shows that careful optimiza-
tion of both temperature and pressure during the synthesis
of Agro-CNTs/MnOy electrodes can significantly enhance their
electrochemical properties by improving crystallinity, phase sta-
bility, and active site availability, ultimately leading to superior
performance in energy storage applications.
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5.2. Ratio of CNTs to MnO, Precursors

The ratio between Agro-CNTs and manganese oxide precur-
sors is equally crucial for achieving optimal electrochemical
properties. A balanced ratio ensures that the CNTs provide suf-
ficient conductive pathways while allowing adequate coverage
by MnOx. If the CNT content is too low relative to the MnO,,
it may result in poor conductivity and reduced electrochemi-
cal performance due to insufficient electron transport pathways.
Conversely, excessive CNTs can hinder the effective deposition
of MnOy, reducing the active surface area available for electro-
chemical reactions. In a review conducted by Wayu,®* it was
revealed that varying this ratio can lead to significant differences
in specific capacitance and cycling stability. For example, com-
posites with a higher proportion of CNTs have been reported
to exhibit better mechanical stability and enhanced charge-
discharge performance due to improved structural integrity. This
balance is essential for applications in supercapacitors and bat-
teries, where both high capacitance and rapid charge-discharge
rates are desired.

In conclusion, optimizing the concentration of manganese
precursors and the ratio of Agro-CNTs to MnOy is vital for
developing high-performance electrodes. These parameters not
only influence the uniformity of MnO, coatings but also play
a significant role in enhancing electrochemical properties such
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as conductivity, capacitance, and stability during operation.
By carefully controlling these factors, researchers can achieve
composites that meet specific performance requirements for
advanced energy storage applications.8®!

6. Challenges and Future Prospective

Agro-CNT/MnOx composites present significant potential for
the development of next-generation lithium-ion batteries (LIBs).
These composites aim to leverage the high theoretical capacity
of MnO and the conductive properties of Agro-CNTs. However,
their efficacy can be hindered by several critical challenges.
These challenges may include phase transitions, thermal instabil-
ity, manganese dissolution, and the need for additional purifica-
tion of Agro-CNTs to match the quality of chemically synthesized
CNTs (Chem-CNTs). The interrelation of these issues contributes
to capacity degradation and a reduction in battery lifespan.
Specifically, phase transitions that occur between different man-
ganese oxidation states during the battery cycling process led to
structural changes that induce mechanical stress, which in turn
results in thermal instability. This instability, particularly under
elevated temperature conditions, accelerates the dissolution of
manganese into the electrolyte, further depleting the active
material and forming resistive layers on the electrodes.!*104

In Agro-CNT/MnOx composites, the agglomeration and
uneven distribution of MnO, nanoparticles pose significant chal-
lenges that can severely compromise electrochemical perfor-
mance. The high surface energy of MnO, and limited interaction
sites on agro-derived carbon matrices often cause MnO, parti-
cles to cluster, leading to a decrease in active surface area, non-
uniform lithiation, and localized stress buildup during cycling.
This heterogeneity disrupts the conductive CNT network, hinder-
ing efficient electron and ion transport. To address these issues,
solution-based synthesis methods like sol-gel, hydrothermal, or
spray-drying can be utilized to achieve a uniform dispersion of
MnO, within the carbon matrix.[3638]

The combined effect of these challenges creates a feedback
loop that undermines the performance, stability, and overall effi-
ciency of the electrodes. Agro-CNTs are recognized for their
excellent thermal conductivity, which can effectively dissipate
heat generated during battery operation. Future research should
focus on optimizing the dispersion and interaction between
Agro-CNTs and MnO, to enhance the thermal stability of these
composite materials.'®”! Additionally, employing thermally stable
binders and electrolytes alongside Agro-CNT/MnOx composites
could further bolster the performance of the electrodes under
high-temperature conditions. The integration of polymer binders
capable of withstanding higher temperatures can improve elec-
trode stability, thus enhancing overall battery performance./'®8!

Agro-CNTs, derived from biomass, offer several advantages
over conventional carbon nanotubes (CNTs), particularly regard-
ing cost, sustainability, and environmental impact. In the context
of LIBs, Agro-CNTs may demonstrate comparable or superior
electrical conductivity and mechanical flexibility—critical factors
for maintaining structural integrity and mitigating mechanical
stress effects during cycling.!*”!
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Future investigations can explore optimizing Agro—CNT prop-
erties to achieve greater synergy with MnOx. For instance,
fine-tuning aspects such as size, surface area, and functional
groups of Agro-CNTs could improve their capacity to anchor
MnO, nanoparticles and enhance electron transport, thereby
boosting cycling stability and energy density.

7. Conclusion

Agro-CNT/MnOx composites have emerged as a promising class
of sustainable electrode materials for application in lithium-ion
batteries (LIBs), offering a pathway to enhance LIBs perfor-
mance and also improve environmental sustainability. The com-
posites Agro-CNT/MnOx utilize carbon nanotubes synthesized
from agricultural waste, which serve as a sustainable and cost-
effective carbon source. The incorporation of manganese oxides
(MnO,), known for their high theoretical capacity and redox
activity, further enhances the electrochemical performance of
the hybrid electrode system. The synergistic interaction between
the conductive Agro-CNT matrix and the electrochemically
active MnO, phase facilitates efficient electron transport and
ion diffusion, resulting in improved specific capacity, rate capa-
bility, and cycling stability. Agro—-CNTs can provide a robust,
high-surface-area that accommodates volume changes during
lithiation/delithiation, thereby mitigating mechanical degrada-
tion and maintaining structural integrity over prolonged cycling.
Despite these advantages, several intrinsic challenges
remain, including the agglomeration and uneven distribution
of MnOx nanoparticles; MnOx poor electrical conductivity, and
clustering due to limited interaction sites on the Agro-CNT. To
address these limitations, ongoing research can focus on the
selection of an adequate synthesis method, parameter opti-
mization, and surface functionalization. Proactive progress in
these areas could significantly enhance the electrochemical per-
formance and operational durability of Agro-CNT/MnOx-based
electrodes. Agro-CNT/MnOx composites hold substantial poten-
tial for deployment in diverse LIB applications, including electric
vehicles, grid-scale energy storage, and portable electronics,
contributing to the advancement of electrochemical ESS.
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