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Abstract: Carbon is one of the most abundant minerals in
the universe. The world’s energy needs are being unmet
due to the exponential rise in population. Since its incep-
tion 20 years ago, carbon and its allotropes, including
fullerenes, carbon nanotubes, and graphene, have been
marketed as potential energy storage and generation
materials. By solving important issues like accumulation and
inadequate thermodynamic compatibility, carbon fiber,
expanded graphite, and carbon nanotubes are promising
functional materials that can be used to improve the per-
formance of bipolar plates further. There are several
potential uses for carbon-based nanomaterials (CBNMs) in
the energy area. This mini-review provides an overview of
the synthetic routes employed for producing CBNMs, cate-
gorizing them based on their types, elucidating their diverse
applications in fuel energy systems, and emphasising the
uses of CBNMs in energy. The advantages and disadvantages
of several synthetic processes have been examined and
compared. The types of CBNMs, like carbon nanotubes,
graphene, carbon dots, and fullerenes, are explored in terms
of their unique structural properties and fabrication
methods. Furthermore, the utilization of CBNMs in fuel
energy systems, such as fuel cells, energy storage devices,
and catalysis, is comprehensively reviewed.
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Highlights

— Carbon-based nanomaterials show promise in fuel
energy applications, with a focus on fuel cells, energy
storage devices, and catalysis.

— The mini-review provides a comprehensive overview
of synthetic routes for carbon-based nanomaterial
production.

—  The study explores diverse carbon-based nanomaterials,
including carbon nanotubes, graphene, carbon dots, and
fullerenes.

A critical analysis of synthetic processes, like arc
discharge, and chemical vapor deposition, reveals their
respective advantages and disadvantages.

1 Introduction

Carbon stands out as a fundamental and essential element in
the fabric of our universe, occupying a unique place in its
composition. It is the 17th most abundant element on Earth’s
surface, the fourth most abundant element in our solar
system, and the sixth most abundant element in the universe
overall' Studies estimate its relative abundance ranges
between 180 and 270 parts per million. Notably, carbon holds
the distinction of being the second most prevalent element in
the human body, trailing only oxygen and constituting
approximately 18 % of an individual’s body weight.” One
of the remarkable characteristics of carbon is its capacity
to manifest a diverse array of metastable phases, many of
which can emerge under ambient conditions while main-
taining substantial kinetic stability.® Despite its scarcity in
the Earth’s crust, comprising only 0.2 % of the planet’s total
mass.* Elemental carbon is pivotal due to its unique capacity
to form bonds with light elements. This catenation ability of
carbon has been instrumental in expanding the realms of
chemistry and biology, ultimately facilitating the emergence
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of life’s wonders. With the world’s rising energy demand,
developing more efficient and environmentally friendly
methods of producing and storing energy is crucial. It has
also become critical to meet our energy needs with reliable,
cost-effective technology. Making dependable, efficient,
scalable, and inexpensive catalysts is essential for this goal.
Evidence suggests that carbon-based materials can signifi-
cantly enhance the efficiency and dependability of energy
conversion and storage technologies.” When it comes to
energy storage, carbon compounds play an essential func-
tion as conductive agents, electrode materials, and so on.
Carbon nanomaterials, including fullerene, carbon nano-
tubes, and graphene, have unique morphologies and struc-
tures and exhibit probable electrical, chemical, and physical
properties in comparison to more conventional carbon
materials like graphite and carbon black.®’

There is a wide range of chemistry and structure among
carbon-based nanomaterials. Elements that makeup lithium
alloys include carbon and a wide variety of compounds,
including oxides, chalcogenides, carbides, and more. Quan-
tum dots, nanowires, nanotubes, nanobelts, nanoflakes, and
nanosheets are all part of this. Technologies like structural
energy storage technology and wearable energy storage are
made possible by combining these chemically diverse
nanoscales building blocks with lithium ions and other
substances that are not achievable with conventional
materials. The development of wearable, flexible, and fold-
able energy storage devices is made possible by carbon-
based nanomaterials, which have a high surface-to-volume
ratio and are compatible with sophisticated production
techniques, including printing, spray coating, and roll-to-roll
assembly.®°

Thus, carbon science is currently at the forefront of
research, particularly in nanoscience, materials science,
engineering, and technology. Within these disciplines, car-
bon nanostructures, since the unveiling of diverse carbon-
based nanostructures, such as fullerenes in 1985, carbon
nanotubes in 1991, and graphene in 2004, there has been a
surge of interest in carbon-based nanomaterials within the
realm of nanotechnology," encompass a diverse array of
low-dimensional allotropes, including graphite, activated
carbon, carbon nanotubes, carbon nanofibers, the Cgo family
of Buckyballs, polyromantic molecules, and graphene.”” In
recent years, there has been a significant surge in research
focusing on carbon-based nanomaterials, including carbon
nanotubes, graphene and its derivatives, fullerenes, and
other carbon allotropes at the nanoscale. This exponential
growth is attributed to the vast potential for modifying and
customizing carbon nanomaterials. Their small size, which
approaches that of fundamental coupled with their sub-
stantial specific surface area, high electrical and thermal
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conductivity, distinctive optical properties, and outstanding
mechanical properties, open up diverse applications." Gra-
phene, a recently discovered carbon allotrope, features a
single layer of atoms arranged in a 2D honeycomb lattice,
offering exceptional strength. It serves as a critical precursor
for synthesizing other carbon nanoparticles. Through
oxidation, graphene transforms into graphene oxide, lead-
ing to derivatives like reduced graphene oxide (rGO) and
graphene quantum dots (GQDs), which find diverse appli-
cations in various operations.'* These categories include
zero-dimensional nanostructures, carbon dots (CDs), one-
dimensional nanomaterials such as carbon nanotubes
(CNTs) and carbon nanofibers (CNFs), and two-dimensional
nanomaterials like graphene. In the contemporary era,
nanotechnology has garnered significant attention for its
abhility to produce novel materials with exceptional proper-
ties. Nanostructures offer advantages such as superior
directionality, high surface area, and flexibility, rendering
them suitable for a broad spectrum of applications.”'
Consequently, researchers from various scientific fields are
deeply intrigued by these materials, recognizing their pivotal
role in driving advancements across numerous technologies.
This versatility opens up new avenues in chemistry for
nanomaterials design, facilitating the development of func-
tional nanoparticle arrays for catalytic applications’’ ™ to
enhance the effective harnessing of renewable energy
sources like solar, wind, waves, and biomass, a range of
energy conversion and storage technologies have been
developed, which include supercapacitors, fuel cells, com-
pressed hydrogen storage, and batteries.*’

The exploration of clean energy technologies remains a
significant area of investigation within carbon nanomaterials.
One promising avenue is hydrogen fuel, which offers an eco-
friendly alternative to traditional fossil fuels.”** However,
challenges persist, particularly the susceptibility of metal
catalysts to impurities during hydrogen production processes.
Therefore, the effective separation of hydrogen from other
gases like carbon monoxide, carbon dioxide, methane, nitro-
gen, and water vapor becomes imperative.>*** In addressing
this challenge, Muraru and Ionita introduced a novel
approach employing a rotating partially double-walled car-
bon nanotube membrane for hydrogen separation. They
evaluated the membrane’s performance under varying
angular velocities through molecular dynamics simulations.
Their findings underscored the significant influence of
angular velocity on hydrogen separation efficiency via the
rotating nanotube, highlighting the potential of this innova-
tive technique.® This summary will go into further detail
regarding fuel energy’s current and future state related to
carbon-based nanomaterials.’® The imperative to develop
innovative energy sources becomes evident against
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accelerating global energy consumption. This surge is fueled
by rapid economic expansion, population growth, and
increasing reliance on energy-dependent appliances world-
wide.?” According to predictions, the global energy supply will
have to be doubled by the year 2050.%® Considering this,
research into modern energy storage and conversion tech-
nologies, like batteries and supercapacitors, is proceeding
rapidly. In response to the ever-increasing demand, these
technologies are the subject of substantial research on a
global scale. Emerging as a critical tool in materials science
and engineering, nanotechnology provides new ways to
address this problem.”>* Carbon nanoparticles have shown
promise as technology enablers for next-generation energy
storage and conversion systems. The purpose of this article is
to focus on the use of carbon-based nanomaterials to over-
come energy shortages through energy storage devices such
as batteries and supercapacitors.*

2 Synthetic methods for carbon-
based nanomaterials

The synthesis portion will discuss the different synthesis
techniques for preparing carbon-based nanomaterials. The
term “constructive technique” refers to the bottom-up
approach, which contrasts the top-down method. The
bottom-up method produces nanomaterials (NMs) with
precisely controlled dimensions, chemical structure, and
shape, enabling atoms and molecules to self-assemble and
grow. Figure 1 shows some synthetic techniques to syn-
thesize CNMs.*
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2.1 Solvothermal/hydrothermal synthesis

Various methods are employed to synthesize carbon dots
(CDs), including hydrothermal/solvothermal, microwave,
electrochemical, micro-plasma, and chemical oxidation
techniques. In hydrothermal synthesis, water is the primary
solvent, whereas the solvothermal technique employs sol-
vents other than water.**** These methods apply to pro-
ducing graphene and its composites by reducing graphene
oxide. Additionally, nanofibers, carbon nanotubes® and
their composites can be synthesized using hydrothermal/
solvothermal technology, wherein a carbon source and
catalyst are utilized to regulate morphology and proper-
ties.?**’ CDs synthesized through different methods exhibit
varying properties.*® Both “top-down” and “bottom-up”
approaches are common ways to describe these methods.
Electrochemical synthesis, chemical oxidation, and solvent
heat treatment are physical or chemical procedures used in
the “top-down” approach to segment massive carbonaceous
materials into CDs. Based on their structures, properties, and
synthesis methods, CDs are classified into three types: CQDs,
GQDs, and carbonised polymer dots (CPDs).** To customize
the production of targeted carbon dots (CDs), optimization of
synthesis parameters such as voltage, time, and temperature
is imperative. Following synthesis, subsequent purification
steps are typically employed to obtain separate, purified, and
uniform-sized CDs. These purification techniques range
from straightforward methods like centrifugation, dialysis, and
filtration to more intricate processes such as electrophoresis,
silica gel column chromatography, and high-performance
liquid chromatography.** Among the various synthesis
methods, hydrothermal/solvothermal synthesis stands out as

Electrochemical
carbonization
Pyrolysis Synthesis of carbon Synthesis of carbon
based nanomaterials quantum dots

Figure 1: Shows some crucial methods used for
the synthesis of CNMs.
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the most prevalent approach for CD production.**** Schematic
synthesis of nanomaterials through solvothermal/hydrother-
mal is shown below in Figure 2.

This technology has several benefits, such as being easy
to use, producing carbon dots (CDs) consistently at a high
rate, and being flexible enough to incorporate additional
components and modify CD variety. It is also simple and
convenient to use. Su et al. conducted a study where multi-
functional CDs were synthesized through one-step hydro-
thermal synthesis of nanotubes.*>*® The multi-functional
CDs showed a wide range of functions, including tempera-
ture sensing (which increases fluorescence over a linear
range of 25-95°C), specific fluorescence quenching for
Ni(II) detection in the 80-6,000 mM range, and a visually
discernible fluorescence transition from blue to green for
doxycycline detection in the 10-1,000 mM range, all ach-
ieved through three independent pathways.*

2.2 Electrochemical carbonization synthesis
of carbon quantum dots

However, there is a lack of scientific research on electro-
chemical carbonisation to create CQDs. According to Zhang
and colleagues,*”*® CQDs were produced by electrochemical
carbonisation of low molecular weight alcohols. A reference
electrode was a calomel electrode embedded in a freely
adjustable Luggin capillary, and two platinum plates were
used as working and auxiliary electrodes. Utilizing electro-
chemical carbonisation, alcohols were transformed into

Precursor solution

Final product

Washing
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Figure 2: Schematic illustration of hydrothermal/solvothermal
technique. Reproduced from source.*?
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CQDs, and their size and graphitization improved in pro-
portion to the applied voltage.*® CDs can remove pollutants
with impressive efficiency with their substantial specific
surface area, availability of functional groups, and remark-
able stability. This quality has been recognised in the area of
environmental pollution control.***

2.3 Chemical vapor deposition and
electrospinning process

In the 1960s, carbon nanofibers (CNFs) became essential in
the scientific and technological industries. Their production
involved carbon precursors in melt spinning processes, most
notably polyacrylonitrile (PAN), modified with additives.
They underwent low-temperature oxidation stabilization
and were stretched during the stabilization and carboniza-
tion phases. Vapour-grown carbon fibers (VGCFs) were
created using a catalytic chemical vapour deposition (CVD)
method, revealing CNTs within the VGCFs. Carbon nano-
tubes, essential for modern nanotechnology progress, were
seen to be created using arc-discharging. A simple CVD
synthetic procedure is shown in Figure 3. There are two
main techniques for producing carbon nanofibers: catalytic
decomposition of carbon precursors and the carbonization
process involving the electrospinning of polymers.*® The
choice of the most suitable technology relies on the specific
characteristics sought for synthetic carbon nanofibers
(CNFs). The CNFs are commonly produced by CVD, in which
carbon-containing gases, including acetylene, ethylene,
methane, and propylene, are decomposed with the help of
metal particles. Fe, Co, and Ni are often utilised as metal
catalysts, but research also investigates the potential of Cr, V,
and Mo.”"** The surface area of CNFs is increased from
300-400 to 1,700 m* g after treatment with a KOH solution,
a 4- to 7-fold increase,”® as shown in Figure 3. Mass-
producing CNFs are more cost-effective than creating single-
walled CNTs, offering a clear benefit.**® Electrospinning is
an efficient method for producing polymer nanofibers in a
range of sizes from tens of nanometers to several microns.
This procedure entails subjecting a capillary attached to a
polymer solution reservoir to a powerful electrostatic
field.*® The electrospinning process variables that signifi-
cantly impact the final polymer fiber shape are the amount
of the polymer solution, the spinning voltage, the working
distance, and the feeding speed. The size of the fibers also
decreases with increasing carbonization temperature.®’ >

Three main techniques for producing single-walled
carbon nanotubes (SWCNTs) include arc discharge, laser
evaporation, and CVD. The arc discharge method involves
a sealed reaction chamber containing gases like H,. The
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anode comprises metal catalysts such as Fe, Co, Ni, and a
thick graphite rod cathode.®® The formation of highly pure,
single-walled carbon nanotubes on the inside surface of the
reaction vessel is induced by the electricity generated by
the graphite electrodes. Arc discharge-produced SWCNTSs
demonstrate good yield, quick preparation time and crys-
tallinity. The layer count of CNTs may be controlled by
choosing the catalyst®%* (Table 1).

2.4 Laser ablation method

Similar to arc discharge, laser evaporation is a process. Using
a laser, a high-temperature quartz tube vaporises graphite

Table 1: Shows the catalytic CVD synthesis of CNTs.

Catalyst Carbon source Temperature Product References
Co, Ni, Fe/ CH4/H, 1,000 SWCNTs 63
MgO
Fe/Al;05  CoHa/Ny, Hy 650 MWCNTs 64
Fe/Al,O3  CoHa/Ny, Hy 500-700 MWCNTs 65
Fe/Al,0;  Ethylene/N,, H, 550 CNTs 66
Fe/Al,03,  TiO or ZrO, CH4/H, 650-800 MWCNTs 67
Si0,,
Ni/Fe/CO/ Hydrogen, poly- 400-900 MWCNTs 68
HZSM-5  ethylene tere-
zeolite phthalate (PET),

polypropylene (PP),

polyvinyl chloride

(PVC), and PET/arse-

nate (PV/Ar)
NiO/ Polypropylene (PP)/ 500-800 MWCNTs 69
HZSM-5 H,
zeolite

Hydrogen

Argon

Figure 3: Overview of CVD method.

composite rods and catalysts made of transition metals.”*”*

Inert gas flow moves the product onto a copper column
cooled by water, forming CNTs. However, due to its high
energy consumption, preliminary expenditures, and diffi-
culties in widespread application, this technology is not
appropriate for mass manufacturing.>

Carbon dioxide (CO,) nanotubes are produced via CVD
by the high-temperature breakdown of organic compounds,
including ethylene, ethanol, and ethane. Figure 4 shows that
several CVD methods can be employed for the bulk pro-
duction of SWCNTs. These methods include fluidized bed
CVD, fixed bed CVD, plasma-enhanced CVD, and aerosol-
assisted CVD (Table 2).>74

2.5 Pyrolysis

Pyrolysis is an essential method used in different fields such as
the production of carbon nanomaterials,®*** bulk carbon,*#*
carbon-based devices,*®’ the production of fuel from organic
waste, and the use of gas chromatography-mass spectrometry
for the study of molecules.?®*° Noteworthy carbon materials
synthesized through pyrolysis encompass graphene, "%
CNTs,% carbon fibers (CFs),**5%8% diamond-like carbon (DLC)
coatings,'?*'" as well as other industrial carbons like glass-like
carbon (GC) and graphite.®*'%*'% Unlike metals, carbon
manufacturing mostly depends on synthetic methods. Some
carbon allotropes, such as GC, are entirely man-made. Most
carbon production methods are based on pyrolysis; when an
organic substance is subjected to high temperatures in an
oxygen-depleted environment, occasionally in the presence of
a catalyst, it undergoes thermal decomposition.'®* This process
results in the breakdown of the original material and the
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Table 2: Laser ablation method used for the synthesis of NMs.
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Nanomaterials  Laser light Ablation Pulse Wavelength Frequency Target Particle Fluence References

source duration width (nm) (Hz) material size (J/cm?)
Carbon-based Nd:YAG laser 10 6ns 532 10 Graphite 200 0.4 75
NMs
TiO, and ZnO Nd:YAG laser 30 2.0ms 1,064 5 TiandZn 5-65 - 76

plates
TiO, Nd:YAG 5 10ns 1,067 and 532 10 Tirod 1-40 49.9 and 77
27.6
Zn0 Nd:YAG 30 7ns 1,067 10 Zn 18 12.7 78
FeO MNPs Nd:YAG 5 7ns 1,064 20 Fe target 2-80 150 79
Reaction chamber
Gas flow Graphite target
—
0 Vater in
Water out

Carbon atoms

release of non-carbon atoms in diverse forms. Solid carbon is
usually produced as a byproduct or smoke because carbon is
thermally stable even when exposed to no oxidizing chem-
icals. Precursor type, breakdown properties, applied pressure
(if any), creation of more giant carbon molecules, and ther-
modynamic stability of pyrolysis byproducts are some of
the variables that could affect the structure of the resulting
solid carbon.'*'® This technique has been crucial in creating
crystalline and disordered carbons for decades. Graphene,
CNTs, VGCFs, vapour-deposited diamonds, and diamond-like
carbon films produced by CVD based on pyrolysis are all
examples of carbon nanomaterials.'” As are vapour-
deposited diamonds. This method was the framework for
producing crystalline and disordered carbons for a long
time. Examples of carbon nanomaterials are graphene,
CNTs, and VGCFs, which are formed by vapour growth of
carbon, vapour-deposited (VD) diamonds, and diamond-like
carbon (DLC) films are produced using CVD built on the
principles of pyrolysis,'®”'°® where gaseous hydrocarbons
decompose. Carbon manufacturing has been achieved using
CVD and comparable methods since the 19th century;'****°
pyrolytic carbon compounds were viewed as secondary
products, with the main emphasis on synthesizing graphite.

Figure 4: Laser ablation method for the
synthesis of SWCNTs redraw from the
source.”

Carbon nanomaterials have been recognized for their
application in recent decades and have been researched as
separate entities. Research on single-layer (2D) graphite
crystals was conducted in the 1960s after Wallace’s theo-
retical analysis of their electrical characteristics in
194712 Graphene oxide, derived from single-crystal
graphite, was first reported in 1859™ for diverse applica-
tions. The term ‘Graphene’ was officially recognized in the
IUPAC database in 1994 following its experimental syn-
thesis, which was documented in 1962. Graphene oxide, a
derivative of single-crystal graphite, was initially reported
in 1859. In 2004, a method for mechanically exfoliating
graphene from highly-oriented pyrolytic graphite (HOPG)
was invented by Novoselov et al., who were awarded the
Nobel Prize in 2010 for their work."*'> Graphene has
become a vital substance of the 21st century due to dis-
coveries in nano-scale characterisation methods and
worldwide research endeavours. Beyond graphene, other
carbon nanomaterials such as CNTs,''® VGCFs,"'"~''° and
DLC' hold significant technological promise. They can be
produced by heating gaseous or light liquid hydrocarbons
by pyrolysis, resulting in different morphologies depending
on the specific conditions and catalytic substrates used.
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Standard parameters for producing different carbon
nanomaterials using CVD.'*

3 Types of carbon-based
nanomaterials

Carbon-based nanomaterials encompass diverse structures,
each with unique properties and applications. Carbon
nanotubes,”? cylindrical nanostructures with exceptional
strength and electrical conductivity, find utility in elec-
tronics, materials science, and biomedical fields. Graphene,
a single layer of carbon atoms arranged in a hexagonal lat-
tice, boasts remarkable mechanical, thermal, and electrical
properties, driving innovations in flexible electronics,
energy storage, and composite materials. Fullerenes,
spherical carbon molecules resembling soccer balls, exhibit
intriguing properties such as high electron affinity, leading
to drug delivery, catalysis, and superconductor applications.
The tunable optical characteristics and low toxicity of car-
bon dots, which are nanometer-sized carbon nanoparticles,
are also contributing to their rising profile in biomedicine,
sensing, and imaging.*'® These carbon-based nano-
materials inspire breakthroughs across various disciplines,
promising revolutionary advancements in technology and
science.

Since their discovery by lijima et al. in 1991, various
technologies have been developed to produce CNTs in large
quantities.’**'* Notably, the production method can signif-
icantly influence the structure and properties of CNTs.'*¢%°
These materials possess exceptional strength, heat resis-
tance, and electrical conductivity,®® making them highly
desirable in numerous fields, especially energy storage
devices,”*"**? marking significant advancements in science
and technology. Carbon nanotubes are cylindrical molecules
of carbon atoms arranged in a hexagonal pattern with
diameters varying from 0.7 to 50 nm. They come in two main
types: single-walled CNTs, which consist of a single layer of
rolled graphene sheets, and multi-walled CNTs, which
comprise multiple layers.

Carbon-based nanomaterials such as CNTs have been
synthesized early in 1958.** They are employed in energy
storage systems like supercapacitors (SCs), rechargeable
batteries, and fuel cells, where they act as additives to
enhance the electrical conductivity of cathode and anode
materials (Figure 5)."%5%

Because of their complex geometric structures, SWCNTs
display various electrical properties, from metallic to semi-
conducting, making them useful in many fields of study.
Carbon nanotubes’ remarkable electrical properties are
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{ Carbon based
nanomaterials

o’

Figure 5: Types of carbon-based nanomaterials: CDs, CNTs, CNFs and
graphene reproduced from source.'

enhanced by their one-dimensional nature, which enables
electron conduction in the absence of scattering. Their
exceptional mechanical, electrical, and thermal conductiv-
ity, ultrahigh aspect ratio, and unique covalent atomic tube
structure make them perfect for reinforcing fibers in hybrid
composites. Carbon nanotubes have long attracted interest
for their potential use in composites, prompting substantial
study into their synthesis and chemical modification.
Chemical vapour deposition on a substrate is a standard
method for directly synthesizing reasonably pure individ-
ual single-walled carbon nanotubes (SWCNTs). Individual
SWCNTs with precise diameters may be efficiently guided
to grow at temperatures surpassing 600 °C by applying
catalyst materials to a solid substrate. According to previ-
ous research’®® the carbon source is usually acetylene or
methane vapour.™® Carbon nanotube varieties are seen in
Figure 6 above.

Graphene is described as a flawless single layer of
graphite. In 2004, A. K. Geim and K. S. Novoslov conducted a
groundbreaking experiment at Manchester University using
scotch tape technology, creating monolayer graphene."**'*>
This achievement has significantly expanded the explora-
tion of two-dimensional (2D) materials and introduced a
novel technology with numerous applications. In 2010 Geim
and Novoselov were awarded the Nobel Prize in Physics for
their pioneering research on the physics and properties of
graphene.’**'** Graphene is a two-dimensional material
composed of a single layer of carbon atoms linked by sp*
bonds, forming a densely packed honeycomb crystal lattice
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(5,5)Armchair

(6,6)Armchair

in a flat sheet just one atom thick. In contrast, graphene
oxide (GO) is a yellow solid featuring a hexagonal lattice
structure, representing an oxidized version of graphene that
contains varying ratios of carbon, oxygen, and hydrogen
atoms.'*>** Integrating oxygen-containing groups in GO
boosts its energy storage capabilities, rendering it a
promising option for enhancing electrode performance.
While GO is a single-layer material readily dispersible in
water, its conductivity is constrained by the presence of
oxygen groups. Introducing functional groups to modify
these oxygen groups can modify its electrical, mechanical,
and thermal characteristics, expanding its adaptability

DE GRUYTER

Figure 6: Different types of carbon nanotube.

and facilitating its application in various energy storage
devices, including supercapacitors (SCs),"*>'*® batteries'*’
and fuel cells'*® (Figure 7).

Carbon nanodots (CNDs) are microcarbon nanoparticles
with a quasi-spherical structure in zero dimensions. The
finding was made in 2004 while refining SWCNTs, or single-
walled carbon nanotubes. Carbon nanodots are chemically
and physically identical to graphene oxide.”®*"** Further-
more, they are economical and easily accessible, which has
led to their increasing favour among carbon nanoparticles."”®
Carbon nanodots are rich in oxygen-containing functional
groups such as —-NH,, OH-, and —COOH groups on their

COOH

Graphene - Graphene Oxide - Reduced Graphene Oxide . .
Figure 7: Structural representation of

Oxidation

Reduction

graphene, GO, and rGO are reproduced
by 149.
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Energy Storage — s::::s . ) )
re .
Carbon Dots (CDs) Figure 8: Carbon dots candidate in clean
energy, reproduced.’®

surface (Figure 8). These groups offer passivation effects and
enable the adjustment of physicochemical properties.**'>

Carbon nanofibers (CNFs) represent cutting-edge
materials utilized across various domains, including energy
conversion, composite reinforcement, and self-sensing
devices.”"*® Notably, they differ from traditional CFs in
several aspects, with the diameter being the most prominent
distinction. CNFs typically exhibit diameters ranging from 50
to 200 nm, whereas conventional CFs span several micro-
metres, as shown in Figure 9. Functionally, CNFs serve as
one-dimensional nanomaterials with diverse applications
such as selective adsorption, polymer reinforcement, elec-
trochemical catalysis, and hydrogen recovery. Carbon nano-
fibers made of sp™based discontinuous linear filaments with
aspect ratios more than 100:1 are mechanically very sensitive
to the direction of the carbon layers."**'** CNFs manifest in
various forms Figure 9, including platelet, ribbon, and
fishbone configurations.

100

i€

Figure 9: Structure of CNFs and superficial carbon fibers (CFs).
Regenerated from source.'®?

4 Application of carbon-based
nanomaterials in fuel energy

Findings from our study suggest that modified carbon nano-
materials with specific shapes, improved attraction, and sol-
ubility might fulfil most requirements for solar energy
fuels,'®® lithium-batteries'® and supercapacitors'® under
various conditions. This review aims to give readers a thor-
ough understanding of the basic principles before delving into
specific carbon nanomaterials and their functions. Some
fundamentals reviewed include an overview of carbon
nanomaterials, what they are, and how to make or alter them
chemically. Graphene stands out as a potential material for
developing energy storage devices, particularly when com-
bined with metal oxide to prevent sheet stacking.'® Its highly
conductive linked networks make it attractive for energy
storage applications. Graphene has a porous microstructure,
electrochemical stability, and mechanical toughness, making
it highly useful in energy storage applications.'®”'® These
applications cover a range of technologies, including fuel cells,
solar cells, batteries, and supercapacitors. Graphene finds
application in proton exchange membrane (PEM) fuel cell
supports and serves as both anode and cathode material in
lithium batteries. Additionally, graphene is employed as an
electrode material in both pseudo-capacitors and double-
layer capacitors within supercapacitors. Graphene is also
utilized as dye-sensitizers in fuel cells.'*>'”

4.1 Fuel cell

Fuel cells efficiently convert fuel’s chemical energy into elec-
tricity for various functions.””® Graphene is a common
material for catalyst support structures in fuel cells that use
proton exchange membranes (PEMs)."”*'”> The possibility of
using metal oxides, non-precious metals, or metals coordinated
with nitrogen as catalysts instead of platinum is an area of
active investigation. Their stability and activity levels in com-
parison to platinum catalysts are still an issue, though."”*'”’
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While active carbons possess high surface areas, their
instability necessitates coupling with other materials to
address concerns, as shown in Figure 10. Graphene’s tech-
nological progression has altered this landscape, positioning
active carbons as robust alternatives to platinum due to their
conductivity, expansive surface areas, and strong adhesion
to catalyst particles.'’®'”° Moreover, with its abundant
functional groups, graphene oxide facilitates nucleation
and attachment of catalyst nanoparticles onto its surface.
Graphene finds extensive application in fuel cells, pri-
marily as support material for anode catalysts, cathode
catalyst replacements, composite materials, standalone
electrolyte membranes, and even bipolar plates.'8%18!
Recent advancements underscore the significance of gra-
phene in each component of fuel cells. Traditional active
catalysts in fuel cell electrodes, such as Pt and Pt alloys, are
common, particularly in low-temperature fuel cells fueled
by hydrogen, methanol, and ethanol. However, Pt’s high cost,
limited availability, and susceptibility to intermediates
generated during fuel oxidation pose challenges. Numerous
approaches have been explored to mitigate these issues,
including reducing catalyst loading and replacing Pt cata-
lysts with non-precious alternatives in fuel cells’ anodes and
cathodes."®

Fundamental components of the fuel cell’s operation
were covered, along with elements influencing its perfor-
mance such as cathode and anode performance deteriora-
tion and stack performance degradation. To conduct current
and catalyse electrode processes, the cathode mostly moves
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air. The whole fuel cell structure is supported by the cathode
in a cathode-supported fuel cell. To lower the activation loss
of the cell and enhance cell performance, the cathode
material must possess a strong electrochemical catalytic
capacity for oxygen reduction. To lower ohmic losses, the
cathode material also must have a high electrical conduc-
tivity. Meanwhile, the cathode material has to have strong
chemical stability in the oxidising environment because of
the high working temperature of the fuel cell. It is also inca-
pable of having a chemical reaction with nearby materials. The
primary functions of the anode include the current conductor,
electrode reaction catalyst, and fuel gas transportation. The
anode supports the whole fuel cell structure in a fuel cell that
is anode-supported. A nickel-doped yttrium oxide stabilised
zirconium oxide (YSZ) composite electrode is the most
widely used material for fuel cell anodes (Ni-YSZ). As a
metallic substance, nickel has an extremely high electrical
and thermal conductivity. Ni, meantime, oxidises fuels like
carbon monoxide and hydrogen by acting as a catalyst.

It can directly reform hydrocarbons like methane
within. Furthermore, nickel is less costly than precious
metals like platinum (Pt) and can lower anode costs. The
Ni-YSZ composite electrode’s thermal expansion coefficient
may satisfy thermal stress requirements and is compatible
with the YSZ electrolyte. The main factors causing fuel cell
anode performance deterioration are carbon deposition,
gas impurity poisoning, coarsening of Ni particles, and Ni
particle redox.'®*'®* The mechanism of the fuel cell can be
seen in Figure 10.

Figure 10: Schematic mechanism of fuel cell
device.
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4.1.1 Replacement of the catalyst at anode
Graphene serves two primary purposes:

4.1.1.1 Reducing the loading of the Pt and/or Pt alloy
catalyst

To reduce catalyst loading or find non-platinum alternatives
to Pt, graphene, which has a much larger surface area than
other carbon materials, is a good candidate for Pt catalysts.
Graphene in Pt catalysts enhances electrical conductivity
and promotes effective Pt dispersion, thereby boosting
activity. This heightened activity reduces Pt catalyst loading
in fuel cell anodes and enhances stability. Zhao et al’s
research demonstrated that Pt/graphene exhibits five times
the methanol oxidation activity of Pt/C, as shown in
Figure 6a. Similarly, PtRu/graphene shows a 170 % increase
in activity compared to PtRu/C, with additional enhance-
ment observed upon Ni addition.’®® This enhancement is
attributed to improved electrical properties and enhanced
wettability achieved through heteroatom doping, such as
sulfur, boron or nitrogen. Doping enhances conductivity
and improves the adsorption of fuel molecules, thereby
increasing active sites.'®**® Moreover, doping with boron
enhances resistance to CO poisoning and facilitates better
catalyst dispersion. Pt activity increases with graphene
usage and is further enhanced through boron doping.'*%*%*

4.1.1.2 Replacing Pt and Pt alloys with a non-precious
catalyst

Graphene serves as a catalyst support for nickel, recog-
nized as one of the most effective non-precious catalysts for
low-temperature fuel cell anodes, including methanol,
ethanol and urea fuel cells, particularly under alkaline
conditions.®>*** The activity of nickel supported by gra-
phene is much higher than that of carbon nanoparticles or
sheets of carbon. An increase in activity is observed when
the Ni loading is increased up to 6 wt%."**'° The enhanced
activity is caused by the incorporation and even distribu-
tion of Ni nanoparticles throughout the graphene surface. A
combination of graphene’s structural imperfections, the
uniform distribution of the catalyst, and functional groups
throughout its surfaces and edges is thought to be respon-
sible for the enhanced efficiency of non-precious catalysts
on graphene.?%'’

4.1.2 Replacement of catalyst at the cathode

4.1.2.1 For supporting the Pt catalyst

Extensive research focuses on graphene as a catalyst sup-
port for Pt catalysts in oxygen reduction reactions.’***°° In
addition to lowering the size of Pt nanoparticles and
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maintaining their uniform distribution on the graphene
surface, imperfections in graphene are discovered to
lower from 0.37 to 0.16 eV, the activation energy needed
to dissociate oxygen molecules drops.?”***® This decrease
amplifies the instability of HO*, a critical stage in the oxygen
reduction cycle. Doping graphene with boron or nitrogen
enhances Pt dispersion and significantly boosts activity in
methanol oxidation'¥*204205

4.1.3 Standalone catalyst

Combining graphene with carbon nanotubes improves its
oxygen reduction reaction (ORR) efficiency by inhibiting the
reaggregation of graphene layers, a common issue in gra-
phene produced using Hammers’ process.”’2%° Figures 11(a
and b) demonstrate that the combination of graphene and
carbon nanotubes exhibits a remarkable efficiency in the
oxygen reduction process (ORR) in both acidic and alkaline
conditions, with an overpotential below 100 mV,?® has led to
a notable increase in ORR activity.”""** By making it easier
for graphene structures to conjugate with nitrogen’s lone
pairs of electrons, nitrogen doping enhances the activity of
the oxygen reduction process (ORR). This enhancement is
due to the activation of carbon atoms by nitrogen atoms,
which accept electrons. In the oxygen reduction reaction
(ORR), graphitic nitrogen plays a crucial role.”** By using
transition metals like Co and/or Fe, the activity of graphene
can be substantially enhanced.””® The presence of M-N,
active sites, linked to the improved activity of M-N-C (where
M is the transition metal), is a common finding on graphene’s
edges.217’218

4.2 Supercapacitors

Due to their unique ability to store energy, supercapacitors
are essential in many electronic systems and play a key role
in energy storage. Supercapacitors form a double layer of
electrolyte ions using a non-insulating electrode material.
This allows them to store energy. Carbon nanoparticles are
perfect for making high-efficiency electrodes because of
their significant potential specific surface area and high
electrical conductivity, which decreases effective series
resistance and increases charge storage capacity. A longer
operational lifetime and a better power density are the
outcomes of this.”>??! Figure 12 below illustrates an essen-
tial supercapacitor device. Combining CDs with various
carbon materials and polymers®***%* or incorporating car-
bon nanomaterials or metal oxides has been demonstrated
to improve the electrochemical performance of super-
capacitors.”**® Various functional groups, core—shell
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topologies, and crosslinked networks are all part of
carbonized polymer dots (CPDs). These features combine to
create a three-dimensional carbon network that is both
conductive and porous, with a high specific surface area and
good wettability.”**** Because of this, robust and adaptable
multilayer energy storage devices are more accessible to
construct. Kaner’s transformation of carbon-based materials
co-doped with nitrogen and oxygen into open porous three-
dimensional turbostratic graphene structures facilitated
the invention of supercapacitors. They outperformed
traditional aluminium-based capacitors in terms of
charging speed, relaxation time (3.44ms), and energy
density (17.7 Wh kg ™).2>** This opens the door to creating
layered energy storage devices that are both long-lasting
and adaptable. Kaner transformed carbon-based materials
co-doped with nitrogen and oxygen into open-pored, three-
dimensional turbostratic graphene structures to make
supercapacitors,'¥’-?*228

4.2.1 Supercapacitor electrodes are composed of
graphene dots and powders

Chemical exfoliation of graphite to graphene oxide (GO) and
controlled GO reduction with a reducing agent like hydra-
zine hydrate are the steps in synthesising graphene dots
and particles. Graphene particles clump together quickly,
and reduced graphene oxide (rGO) becomes water-repellent
after reduction, impacting its processing in water or aquatic
environments. GO stands out as an amphiphile due to its
hydrophobic base plane and negatively charged hydrophilic

(Pt/BG).2"

edges. The ability of GO to interact selectively with certain
surfactants allows for the control of rGO assembly and
manipulation of GO’s amphiphilicity. Surfactants such as
sodium dodecylbenzene sulfonate, cetyltrimethylammonium
bromide, and tetrabutylammonium hydroxide (TBAOH) were
studied by Zhang and colleagues as potential stabilizers for
graphene-based materials.”***** The study revealed that
reduced graphene oxide sheets can be intercalated between
layers of surfactants. At a current density of 1A g™, an elec-
trode of graphene stabilised with TBAOH displayed a specific
capacitance of 194 F g*. This was partly due to reduced rGO
re-stacking and improved wettability from surfactant inter-
calation. Furthermore, surfactants can evenly distribute rGO
into individual or a small number of layers in water-based
solutions. rGO’s characteristics enable chemical interactions
with second phases in aqueous solvents. Commercially
accessible block copolymers PEO;q6—PPO;—PEO; (F127)
have been extensively studied among various surfactants for
their proven chemical properties. Block copolymers can self-
assemble in aqueous environments via hydrogen bonding
and hydrophobic-hydrophilic interactions, forming cysts.
These cysts can be flexible templates for synthesising meso-
porous carbon materials.”*** Graphene oxide (GO) was
introduced using a triblock copolymer called Pluronic F127 by
Ke and colleagues using a hydrothermal technique. The
structure was then restored by thermal annealing. The sur-
face area of the surfactant-modified graphene is 696 m* g™,
three times higher than the surface area of pure graphene,
which is 200 m* g™, In a 6 M KOH electrolyte, the most stable
cycle was seen at a scanning rate of 1mV s, with a specific



DE GRUYTER

M. Sajid et al.: Synthesis of carbon-based nanomaterials =—— 137

r i
1 1
1 1
| |_®_| |
i ® - e % = |
1 = = 1
I e:-_9 = = i
i L i X = i
1 -+ = Chargin; . = !
1 ® - 60 % = = [
i .. g &> Disharging - = i
I e - 60 =} = i
m— I |

|

|

1 N e Active material 1
I Seperator and electrolyte I
Current Collector 1
Electrolyte Seperator i

| + s |
| |
I ] l :
I |

! . !
| (b) _ . ® |
= \ @®| & I

g ol |

1 e @®| = 1
i '@~ )
/ [ 4 I

/8 |

,® I

| |
| |
| |
I / I
I Li-based salt Li" I
b e e e e e e 1

capacitance of 210 F g .** The large surface area and excel-
lent electrical conductivity of graphene particles allow
supercapacitor electrodes made of them to transfer charges
quickly and exhibit a high power density.”*® The low capaci-
tance value of about 200 F g™ limits their capability. Conse-
quently, the device’s energy density and overall performance
are usually inadequate. In contrast, reversible faradaic redox
reactions at the electrode surface cause pseudocapacitance
resulting from certain transition metal oxides or hydroxides,
electrically conductive polymers, and certain transition
metals (e.g., MnO,, RuO,, NiO, Cos0,, and Fe30,) to have a
higher specific capacitance. The main electrode material used
in electrolyte droplet chromatography (EDLCs) is graphene, a
carbon-based substance.”*"~**

Extensive research has been conducted on graphene-MnO,
composites among various metal oxide composites.?*® A
straightforward method for producing graphene-MnO,
composites by hydrothermal reduction was developed
by Yang and coworkers. At a potential scan rate of 2mVs™,
the graphene-MnO, composite powders display a specific
capacitance of 211.5F g, according to the experimental
data. In an electrolyte with 1 M Na,SO,4, around 75 % of the
capacitance remains after 1,000 cycles of charging and

Figure 12: Illustration of supercapcitor device.
(a) Simple supercapacitor and (b) hybrid
supercapacitor redraw from source.?*

discharging. Hydrothermally reduced graphene-MnO,
composites were made easily by Yang et al. The specific
capacitance of the graphene-MnO, composite powders is
211.5F g! at a potential scan rate of 2mV s, as shown by
the experimental results. After 1,000 cycles of charging and
discharging in a 1 M Na,SO, electrolyte, around 75 % of the
capacitance is still there.*' Dai and colleagues created
Ni(OH), nanoplates on graphene sheets. High power den-
sity and energy density are also displayed by the hybrid
electrode material, which has a specific capacitance of
approximately 1,335 F g ' at a charge and discharge current
density of 2.8 Ag™ and around 953Fg™" at 45.7Ag '**
Nanocomposite powders of Fe;0, and rGO are produced via
electrostatic contact. At a current density of 1A g™, this
powder has a specific capacitance of 169 F g, much more
significant than Fe;0,’s (68 F g ™) in a 6 M KOH electrolyte.**
As shown in Figure 13(a), Lee and colleagues created a
mesoporous graphene nanoball (MGB) that can be mass-
produced using a CVD process that uses precursors. This
nanoball will be used in supercapacitors®* Cy, and Cg; the
specific capacitance and gravimetric capacitance of the
GO/WO; are maximized at 10% GO. A capacitance of
123 mAh g and a capacitance of 738 Fg! are documented
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correspondingly. At a current density of 5mAcm™ the
energy density (Eq) reaches 37 Whkg ™, and the power den-
sity (Pg) reaches 500 W kg 2%

4.3 Rechargeable batteries

An urgent demand is for electrochemical storage devices
capable of carrying high energy and power densities, such
as electrochemical capacitors and lithium batteries, fueled
by advancements in portable electronics and low-emission
vehicles. The choice of electrode materials and their
fabrication methods play a vital role in electrochemical
energy storage nanotechnology applications. The proper-
ties of electrode materials significantly impact the effec-
tiveness of nearly all energy storage applications. The
charge storage capacity is consistently influenced by the in-
ternal structure, chemical composition, macroscopic form,
surface morphology, and size of the electrodes. Carbon-based
functional nanomaterials exhibit distinctive morphological,

DE GRUYTER

electrical, optical, and mechanical features as compared to
conventional energy resources, potentially enhancing energy
conversion efficiency and cycle performance.****’
Carbon-doped materials have garnered considerable
attention as traditional anodes for Li and Na-ion batteries
due to their cost-effectiveness, abundant sources, and
impressive cycling durability.*****° Nevertheless, their low
capacitance and sluggish kinetics severely restrict their
further application in these batteries. To address these
challenges, significant efforts have been devoted to offering
various methods, such as composing nanocomposites,
introducing diverse surfaces, creating multiple porosities,
and incorporating heteroatoms.*® Rechargeable batteries
are highly efficient energy storage solutions that balance
renewable energy production and consumption. %
Carbon-doped substances (CDs) facilitate intercalations
between electrodes and electrolytes through surface engi-
neering lithium, sodium, or potassium ion batteries.”* >
The supplementary active sites provided for ion insertion and
extraction, thus improving stability, electron/ion transfer,
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Figure 13: SEM and TEM images of the
nanocomposites applied for supercapicitance
applications. (a) Shows SEM images of
SPS-COOH and MGB obtained by CVD from the
source,?** (b) TEM and HR-TEM images of GO/
WOj3 and GO-W, with the hydrothermal
method, source.?*®
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diffusion, and overall electrochemical characteristics. To
reduce Na* diffusion pathways and enhance ensemble con-
ductivity, carbon-doped materials have been employed as
“custom additives” alongside graphene-rich petal-like mate-
rials such as TiO,. Sodium storage with increased capacity
and long-term cycle stability improved.”>*’ Metal cations
attracted by the oxygen-containing functional groups origi-
nating from carbon dots (CDs) facilitate the creation of a
consistent solid electrolyte interphase and maintain the
integrity of electrode structures, enhancing -electro-
chemical performance. Xiong and collaborators engi-
neered polyethyleneimine-functionalized carbon-doped
materials (PEI-CPDs) for modified cathodes to address the
challenges posed by the polysulfide shuttle, increase sulfur
loading and improve the operational current density in
lithium-sulfur (Li-S) batteries. The compact size, an
abundance of amine groups in PEI-CPDs and outstanding
dispersibility offered sample absorption sites capable of
effectively suppressing polysulfide dissolution and enhancing
Li* conductivity around the solid electrolyte interface.”®

For example, He et al.* conducted research into syn-
thesizing a nanocomposite comprising Fe;0,/CNTs. They
further investigated the electrochemical characteristics of this
nanocomposite, revealing a charge capacity of 656 mAh g™,
which remained stable for 145 cycles. The exceptional elec-
trochemical performance of these materials stems from the
establishment of a conductive pathway within the composite
structure. In a separate research endeavour, Wei and his team
developed composite materials incorporating multi-walled
carbon nanotubes (MWCNT) and sulfur (S) for battery appli-
cations. Their findings demonstrated that these materials
retained 96.5% of their capacity after 100 cycles, indicating
their suitability for practical use in batteries.25* %%
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The Li-air battery exhibits a specific capacity exceeding
11,000 mAh g and can achieve a high-energy density of
approximately 3,500 Wh kg™, nearly 10 times greater than
conventional LIBs and comparable to gasoline fuel.*®*2%
The Li-0, battery represents an up-and-coming power
source because it offers high-energy density for applications
in electric vehicles, aircraft technology and industrial elec-
trification. At the cathode, the primary discharge product is
lithium peroxide with a small amount of lithium oxide.?¢¢-268

Anode:

LieLit+e
Cathode:°

2Li* + 0y + 2™ & Liy0, (2.96 V) or4Li* + O, + 4e~
< 2Li,0 (2.92V)

Lithium oxide is often not preferred for an utterly
reversible reaction to produce O, and Li, while lithium
peroxide is the optimal discharge product for a cathode.
Lithium-air batteries change considerably from standard
polymer electrolyte-based Li batteries, as shown in
Figure 14. Researchers are enhancing the discharge capacity
of non-aqueous rechargeable Li-O, batteries. Nevertheless,
there are still weaknesses to the advancement of Li-0,
batteries. A nonaqueous electrolyte rechargeable Li-O,
battery with specific energy ranging from 250 to
350 W h kg ! was 1st published by Abraham and Jian.’® The
MnO@NHCNT-1 hybrid shows unusual cycling stability,
maintaining a specific discharge capacity of 966.7 mAh g * at
0.2 A g " after 300 cycles and a rate capability of 510.3 mAh g™*
even at a high current density of 1.6 A g when utilized as the
anode in lithium-ion batteries as showing in the Figure 15.2”*

—
—@Theoretical

__MPractical

Energy Density, Wh/Kg
(-]
8
=]
\
|
|

Lead-Acid [
LS| g
Zinc-Air Jb_“v
Li-Air
EEEEEEsSEEEEEESEEEEEEEEEEEEEEEEsEEEEEEEs

Gasoline | |

Figure 14: Description of lithium-air batteries. (a) Proposed schematic design for the rechargeable aprotic Li-air battery. (b) Comparison of gravimetric
energy densities (Wh kg™ for different types of rechargeable batteries with gasoline.



140 —— M. Sajid et al.: Synthesis of carbon-based nanomaterials

DE GRUYTER

FEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE,

MnO@NHCNT

tessssssssssEsssEEEEEEEEEEEEEEEEnt

.
.

ssssssmmmy
ALTTTTTE T Y

8

-y;\r(muumlxmxx!uwmlrﬂfxx:nmnmzu(r )

MNO@NHCNT-1

g

MnO@NHCNT-0.5

Specific capacity / (MAh'g ")  temis

600, ........................
N NO@NHCNT-2
300 ‘ JE—
Mn,O, NT
0 -
51/nm A A A A A 20 .
i 0 50 100 150 200 250 300 =
Cycle number H
. h i K 1800 :
: 05f 3.0 / -~ :
: / 51500 —a—Mn,0, NT :
: =25 / i o~ MnO@NHCNT-0.5| =
: of 3 £ 1200 *— MnO@NHCNT-1 .
HP 320 = . ~*MnO@NHCNT-2
: £ : > 900 Unit: Ag hubipic=
i s -osf 5 01,02 R :
1§ | / Seordh 18 3rd 2nd st H These 03 :
L g 1\ Cycle 2 s —_— 2 600 B
: O-1.0F [/ Cycle 3 £ 10 b :
: / wos | 3 £ ol :
. ‘ S :
: — 05 )
: ael I Cycle 5 " '% ol -
. N . L L L L L P e ey T R L R N A .
: 0L 08 10, 15 29 125 30 0 200 400 600 800 1000 0 20 40 60 80 100
Voltage / V (vs. Li/Li*) Specific capacity / (mAh-g) Cycle number E

Figure 15: Description of MNO@NHCNT-1 hybrid in lithium-air batteries. (a-g) SEM images of a MnO@NHCNT and (h-k) CV, charge/discharge profile,

cycling performance of different electrodes and performance.””’

5 Challenges and future
perspectives

Carbon-based nanomaterials hold tremendous promise in
various fields, yet they also face significant challenges that
must be addressed for their widespread application. Carbon-
based nanomaterials (CBNMs) hold much promise for
improving energy storage and generating systems. Carbon
nanotubes, graphene, and other CBNMs can provide next-
generation batteries with improved energy densities, faster
charge/discharge rates, and longer cycle lifetimes. In that
case, the industry will be in for a significant shakeup.
Hydrogen generation and storage systems, fuel cells, and
supercapacitors can all benefit from these materials, leading
to more efficient and environmentally friendly energy sys-
tems. Combining CBNMs with solar cells may improve
photovoltaic stability and efficiency. However, several
obstacles must be overcome before these resources can be
fully utilised. Significant challenges include high production
costs, problems with scalability, and maintaining constant
material quality. Questions of material compatibility and
thermodynamics make integration with current technologies

challenging. Comprehensive research is required to address
environmental and health problems, such as the toxicity and
long-term viability of CBNMs. There are also significant
obstacles to overcome in the form of regulations and the
market, which include things like creating industry standards
and winning over consumers. It is crucial to address these
difficulties through continuous research and development to
adopt CBNMs successfully in the energy sector. In summary,
while carbon-based nanomaterials hold great promise for
revolutionizing various fields like energy storage devices,
medicine, environment and industries, addressing existing
challenges and exploring new avenues of research are
essential for realizing their full potential in the years to come.
Collaborative efforts across disciplines and sustained invest-
ment in research and development will play a critical role in
shaping the future of carbon-based nanomaterials.

6 Conclusions

Carbon and its allotropes have demonstrated tremendous
potential in meeting the increasing energy demands caused
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by population growth and the diminishing supply of fossil
fuels, because of their remarkable characteristics and ease
of manufacturing. Materials like graphene, fullerenes, and
carbon nanotubes have gained attention as possible energy
storage and production options in the last 20 years. This
review emphasises the significance of learning about the
structural features and synthetic pathways of different
carbon-based nanomaterials (CBNMs) to use them in fuel
energy systems. Thermodynamic compatibility and accu-
mulating problems are two of the few obstacles carbon-
based materials like expanded graphite, carbon nanotubes,
carbon fiber, and carbon fiber face. However, their realiza-
tion hinges upon effectively addressing the formidable
challenges they confront. Nevertheless, these materials
provide substantial increases in energy device performance.
The significance of CBNMs in improving the performance of
fuel cells, energy storage devices, and catalytic applications
is highlighted by the review’s examination of several syn-
thetic procedures and their pros and cons, highlighting the
necessity for ongoing research and development. Improving
fuel energy systems and addressing future demands
requires thoroughly understanding these materials’ specific
properties and fabrication techniques. As we navigate the
path forward, we must foster collaborative endeavours
across disciplines, supported by sustained investment in
research and development. By doing so, we can unlock the full
spectrum of possibilities carbon-based nanomaterials offer,
paving the way for groundbreaking innovations and ad-
vancements that benefit society. With concerted efforts and a
commitment to exploration, we are poised to shape a future
where carbon-based nanomaterials are pivotal in addressing
pressing global challenges and driving progress towards a
more sustainable and technologically advanced world.
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