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Nanomaterials have emerged as an amazing class of materials that consists of a broad spectrum of examples
with at least one dimension in the range of 1 to 100 nm. Exceptionally high surface areas can be achieved
through the rational design of nanomaterials. Nanomaterials can be produced with outstanding magnetic,
electrical, optical, mechanical, and catalytic properties that are substantially different from their bulk
counterparts. The nanomaterial properties can be tuned as desired via precisely controlling the size, shape,
synthesis conditions, and appropriate functionalization. This review discusses a brief history of nanomaterials
and their use throughout history to trigger advances in nanotechnology development. In particular, we
describe and define various terms relating to nanomaterials. Various nanomaterial synthesis methods,
including top-down and bottom-up approaches, are discussed. The unique features of nanomaterials are
Received 17th October 2020, highlighted throughout the review. This review describes advances in nanomaterials, specifically fullerenes,
Accepted 23rd February 2021 carbon nanotubes, graphene, carbon quantum dots, nanodiamonds, carbon nanohorns, nanoporous
DOI: 10.1039/d0ma00807a materials, core—shell nanoparticles, silicene, antimonene, MXenes, 2D MOF nanosheets, boron nitride
nanosheets, layered double hydroxides, and metal-based nanomaterials. Finally, we conclude by discussing
rsc.li/materials-advances challenges and future perspectives relating to nanomaterials.
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1. Introduction

Nanomaterials have emerged as an exciting class of materials
that are in high demand for a range of practical applications.
The length of a nanometer can be understood through the
example of five silicon atoms or 10 hydrogen atoms lined up,
which is one nanometer. Materials are defined as nanomaterials
if their size or one of their dimensions is in the range of 1 to
100 nm. The exact history of the utilization of nanosized objects
by humans is difficult to clarify. However, the history of nano-
material utilization is ancient, and human beings used these
materials a long time ago for various applications, unknowingly.
About 4500 years ago, humans exploited asbestos nanofibers to
reinforce ceramic mixtures." The ancient Egyptians were familiar
with PbS nanoparticles about 4000 years ago and used them in
an ancient hair-dyeing formula.>?® The Lycurgus Cup is another
fascinating example from the past. It is a dichroic cup produced
by the Romans in the 4th century A.D. It resembles jade in direct
light, whereas it shows a translucent ruby color in the case of
transmitted light. It shows color variations depending on the
incident light. These color variations appear due to the presence
of nanoparticles of Ag and Au.”

The term nanometer was first used in 1914 by Richard Adolf
Zsigmondy.® The American physicist and Nobel Prize laureate
Richard Feynman introduced the specific concept of nano-
technology in 1959 in his speech during the American Physical
Society’s annual meeting. This is considered to be the first
academic talk about nanotechnology.” He presented a lecture
that was entitled “There’s Plenty of Room at the Bottom”.
During this meeting, the following concept was presented:
“why can’t we write the entire 24 volumes of the Encyclopedia
Britannica on the head of a pin?” The vision was to develop
smaller machines, down to the molecular level.*” In this talk,
Feynman explained that the laws of nature do not limit our
ability to work at the atomic and molecular levels, but rather it
is a lack of appropriate equipment and techniques that limit
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this.® Through this, the concept of modern technology was
seeded. Due to this, he is often considered the father of modern
nanotechnology. Norio Taniguchi might be the first person who
used the term nanotechnology, in 1974. Norio Taniguchi stated:
“nano-technology mainly consists of the processing of, separa-
tion, consolidation, and deformation of materials by one atom
or one molecule.”>® Before the 1980s, nanotechnology
remained only an area for discussion, but the concept of
nanotechnology was seeded in the minds of researchers with
the potential for future development.

The invention of various spectroscopic techniques sped up
research and innovations in the field of nanotechnology. IBM
researchers developed scanning tunneling microscopy (STM) in
1982, and with STM it became feasible to attain images of
single atoms on “flat” (i.e., not a tip) surfaces.'® Atomic force
microscopy (AFM) was invented in 1986, and it has become the
most crucial scanning probe microscope technique.'" The motiva-
tion to develop hard discs with high storage density stimulated the
measurement of electrostatic and magnetic forces. This led to the
development of Kelvin-probe-, electrostatic-, and magnetic-force
microscopy.'” Currently, nanotechnology is rapidly evolving and
becoming part of almost every field related to materials chemistry.
The field of nanotechnology is evolving every day, and now
powerful characterization and synthesis tools are available for
producing nanomaterials with better-controlled dimensions.

Nanotechnology is an excellent example of an emerging
technology, offering engineered nanomaterials with the great
potential for producing products with substantially improved
performances.”® Currently, nanomaterials find commercial
roles in scratch-free paints, surface coatings, electronics, cosmetics,
environmental remediation, sports equipment, sensors, and energy-
storage devices.* This review attempts to provide information in a
single platform about the basic concepts, advances, and trends
relating to nanomaterials via covering the related information and
discussing synthesis methods, properties, and possible opportu-
nities relating to the broad and fascinating area of nanomaterials
(Scheme 1). It is not easy to cover all the literature related to
nanomaterials, but important papers from history and the current
literature are discussed in this review. This review provides funda-
mental insight for researchers, quickly capturing the advances in
and properties of various classes of nanomaterials in one place.

2. Descriptions of terms associated
with nanomaterials

Rigorous definitions of nanomaterials and associated terms are
debatable and still not fixed. For this reason, huge room has
been left around the interpretation and classification of nanoma-
terials. The definition of nanomaterials is not straightforward.
In the literature, nanomaterials are perceived in different ways
due to the absence of a rigorous definition. Many researchers have
used the term nanomaterial if the size is a few nanometers or
smaller than a few tens of nanometers, whereas others have even
used the term nanomaterial for anything less than a micrometer.
The physical and chemical properties of nanomaterials depend

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 A schematic representation of nanomaterials and their applications.

upon their precise composition, shape, and size. The effects of
nanomaterial on health and the environment also depend upon

Table 1 A description of various terms associated with nanomaterials
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their size, shape, etc.'® A single internationally accepted definition
of nanomaterials is challenging to find,"® and a rigorous defini-
tion of nanomaterials is still under discussion in the scientific
community. Definitions and descriptions of terms associated with
nanomaterials are provided in Table 1. However, these terms are
not rigorous; instead, they provide a general perception collected
from the available literature.

3. Approaches for the synthesis of
nanomaterials

Two main approaches are used for the synthesis of nanomaterials
(Fig. 1): top-down approaches and bottom-up approaches.

3.1. Top-down approaches

In top-down approaches, bulk materials are divided to produce
nanostructured materials. Top-down methods include mechanical
milling, laser ablation, etching, sputtering, and electro-explosion.

3.1.1. Mechanical milling. Mechanical milling is a cost-
effective method for producing materials at the nanoscale level
from bulk materials. Mechanical milling is an effective method for
producing blends of different phases, and it is helpful in the
production of nanocomposites. The principle of the ball milling
method is shown in Fig. 2.%° Mechanical milling is used to produce
oxide- and carbide-strengthened aluminum alloys, wear-resistant
spray coatings, aluminum/nickel/magnesium/copper-based nano-
alloys, and many other nanocomposite materials.”® Ball-milled
carbon nanomaterials are considered a novel class of nanomaterial,

Term Description Ref.

Nanotechnology Nanotechnology refers to technology at the nanoscale level in which materials, devices, 17
or systems are developed via controlling matter at the nanoscale length to stimulate the unique
properties of the material at the nano-level.

Nanomanufacturing Nanomanufacturing refers to manufacturing at the nanoscale level and accomplished via 18
bottom-up or top-down methods.

Nanoscale A scale covering 1-100 nm. 8

Nanomaterial A material is called a nanomaterial if it has at least one dimension in the nanoscale range of 19
1-100 nm.

Nano-object A nano-object is a discrete piece of material with one, two, or three external dimensions in the 3 and 20
nanoscale range.

Nanoparticle An object or particle is called a nanoparticle when all of its dimensions are in the nanoscale 19
range.

Aspect ratio The aspect ratio of a nano-object is defined as the ratio of the length of the major axis to the 21
width of the minor axis.

Nanosphere A nanosphere is a nanoparticle that has an aspect ratio of 1. 21

Nanorod The term nanorod is used when the shortest and longest axes have different lengths. Nanorods 3 and 21
have a width in the range of 1 to 100 nm and an aspect ratio greater than 1.

Nanofiber A nano-object with two dimensions in the nanoscale range and a third dimension that is 19
significantly larger.

Nanowire Nanowires are analogues to nanorods, but with a higher aspect ratio. 21

Nanotube Hollow nanofibers are called nanotubes. 19

Nanostructured material This is a term used for materials that have structural elements, molecules, crystallites, or 22
clusters with dimensions in the range of 1-100 nm.

Nanomaterial A material is called a nanomaterial if it has at least one dimension in the nanoscale range of 19
1-100 nm.

Engineered nanomaterials Intentionally produced materials that have one or more dimensions in the order of 100 nm or 17
less are called engineered nanomaterials.

Nanocomposite Nanocomposites are defined as multicomponent materials with multiple different phase 23
domains, in which at least one of the phases has at least one dimension in the order of
nanometers.

© 2021 The Author(s). Published by the Royal Society of Chemistry Mater. Adv,, 2021, 2,1821-1871 | 1823
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Fig. 1 The synthesis of nanomaterials via top-down and bottom-up approaches. Reprinted with permission from ref. 24. Copyright: ©2019, Elsevier B.V.

All rights reserved.
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Fig. 2 The principle of the ball milling method. Reprinted with permission from ref. 25. Copyright: ©2016, John Wiley & Sons, Ltd.

providing the opportunity to satisfy environmental remediation,
energy storage, and energy conversion demands.””
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3.1.2. Electrospinning. Electrospinning is one of the sim-
plest top-down methods for the development of nanostructured

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 A schematic diagram of the coaxial electrospinning technique
(center), and FESEM (a and c) and TEM (b and d) images of fibers before
and after calcination. Reprinted with permission from ref. 30. Copyright:
©2012, Elsevier Ltd. All rights reserved.

materials. It is generally used to produce nanofibers from a wide
variety of materials, typically polymers.>® One of the important
breakthroughs in electrospinning was coaxial electrospinning. In
coaxial electrospinning, the spinneret comprises two coaxial
capillaries. In these capillaries, two viscous liquids, or a viscous
liquid as the shell and a non-viscous liquid as the core, can be
used to form core-shell nanoarchitectures in an electric field.
Coaxial electrospinning is an effective and simple top-down
approach for achieving core-shell ultrathin fibers on a large scale.
The lengths of these ultrathin nanomaterials can be extended to
several centimeters. This method has been used for the develop-
ment of core-shell and hollow polymer, inorganic, organic, and
hybrid materials.*®> A schematic diagram of the coaxial electro-
spinning approach can be seen in Fig. 3.%°

3.1.3. Lithography. Lithography is a useful tool for developing
nanoarchitectures using a focused beam of light or electrons.
Lithography can be divided into two main types: masked lithogra-
phy and maskless lithography.** In masked nanolithography, nano-
patterns are transferred over a large surface area using a specific
mask or template. Masked lithography includes photolithography,**
nanoimprint lithography,® and soft lithography.>* Maskless litho-
graphy includes scanning probe lithography,® focused ion beam
lithography,®® and electron beam lithography. In maskless litho-
graphy, arbitrary nanopattern writing is carried out without the
involvement of a mask. 3D freeform micro-nano-fabrication can

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 A schematic diagram of the fabrication of 3D micro-nano-
structures with an ion beam through bulk Si structuring. This involves
implantation in Si through Ga FIB lithography and mask-writing at nan-
ometer resolution, subsequent anisotropic wet etching in KOH solution,
and the fabrication of Si micro-nanostructures via the selective removal of
the unimplanted region. Reprinted with permission from ref. 37. Copyright:
©2020, Elsevier B.V. All rights reserved.

be achieved via ion implantation with a focused ion beam in
combination with wet chemical etching, as shown in Fig. 4.%”

3.1.4. Sputtering. Sputtering is a process used to produce
nanomaterials via bombarding solid surfaces with high-energy
particles such as plasma or gas. Sputtering is considered to
be an effective method for producing thin films of nano-
materials.’® In the sputtering deposition process, energetic
gaseous ions bombard the target surface, causing the physical
ejection of small atom clusters depending upon the incident
gaseous-ion energy (Fig. 5).>>*° The sputtering process can be
performed in different ways, such as utilizing magnetron,
radio-frequency diode, and DC diode sputtering.® In general,
sputtering is performed in an evacuated chamber, to which the
sputtering gas is introduced. A high voltage is applied to the
cathode target and free electrons collide with the gas to produce
gas ions. The positively charged ions strongly accelerate in the
electric field towards the cathode target, which these ions
continuously hit, resulting in the ejection of atoms from the
surface of the target.*' Magnetron sputtering is used to produce
WSe,-layered nanofilms on SiO, and carbon paper substrates.**
The sputtering technique is interesting because the sputtered
nanomaterial composition remains the same as the target
material with fewer impurities, and it is cost-effective compared
with electron-beam lithography.**

3.1.5. The arc discharge method. The arc discharge method
is useful for the generation of various nanostructured materials.
It is more known for producing carbon-based materials, such as
fullerenes, carbon nanohorns (CNHs), carbon nanotubes, few-layer
graphene (FLG), and amorphous spherical carbon nanoparticles.**
The arc discharge method has great significance in the generation
of fullerene nanomaterials. In the formation process, two graphite
rods are adjusted in a chamber in which a certain helium pressure
is maintained. Filling the chamber with pure helium is important
as the presence of moisture or oxygen inhibits fullerene formation.
Carbon rod vaporization is driven by arc discharge between the
ends of the graphite rods.*’

Mater. Adv,, 2021, 2,1821-1871 | 1825
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Fig. 5 A schematic diagram of the DC magnetron sputtering process.
Reprinted with permission from ref. 39. Copyright: ©2017, Elsevier Ltd.
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The conditions under which arc discharge takes place play a
significant role in achieving new forms of nanomaterials. The
conditions under which different carbon-based nanomaterials
are formed via the arc discharge method are explained in Fig. 6.
Various carbon-based nanomaterials are collected from different
positions during the arc discharge method, as their growth
mechanisms differ.** MWCNTs, high-purity polyhedral graphite
particles, pyrolytic graphite, and nano-graphite particles can be
collected from either anode or cathode deposits or deposits at
both electrodes.*®™*® Apart from the electrodes, carbon-based nano-
materials can also be collected from the inner chamber. Different
morphologies of single-wall carbon nanohorns (SWCNHs) can be
obtained under different atmospheres. For example, ‘dahlia-like’

(ii) (iii)

Growth
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Fig. 6 A schematic illustration of the formation mechanisms of carbon
nanomaterials on the inner wall of the chamber using different gases via a
DC arc discharge approach. Reprinted with permission from ref. 44.
Copyright: ©2018, Elsevier Ltd. All rights reserved.
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SWCNHs are produced under an ambient atmosphere, whereas
‘bud-like’ SWCNHs are generated under CO and CO, atmo-
spheres.*® The arc discharge method can be used to efficiently
achieve graphene nanostructures. The conditions present during
the synthesis of graphene can affect its properties. Graphene sheets
prepared via a hydrogen arc discharge exfoliation method are
found to be superior in terms of electrical conductivity and have
good thermal stability compared to those obtained via argon arc
discharge.™

3.1.6. Laser ablation. Laser ablation synthesis involves
nanoparticle generation using a powerful laser beam that hits
the target material. During the laser ablation process, the
source material or precursor vaporizes due to the high energy
of the laser irradiation, resulting in nanoparticle formation.
Utilizing laser ablation for the generation of noble metal
nanoparticles can be considered as a green technique, as there
is no need for stabilizing agents or other chemicals.”* A wide
range of nanomaterials can be produced through this technique,
such as metal nanoparticles,®® carbon nanomaterials,**>* oxide
composites,® and ceramics.”® Pulsed laser ablation in liquids is
an exciting approach for producing monodisperse colloidal
nanoparticle solutions without using surfactants or ligands.
The nanoparticle properties, such as average size and distribu-
tion, can be tuned via adjusting the fluence, wavelength, and
laser salt addition. It can be seen in Fig. 7 that the sizes of
as-synthesized Pd nanoparticles are substantially affected by the
wavelength and fluence of the pulsed laser.””

3.2. Bottom-up approaches

3.2.1. Chemical vapor deposition (CVD). Chemical vapor
deposition methods have great significance in the generation of
carbon-based nanomaterials. In CVD, a thin film is formed on
the substrate surface via the chemical reaction of vapor-phase
precursors.’® A precursor is considered suitable for CVD if it
has adequate volatility, high chemical purity, good stability
during evaporation, low cost, a non-hazardous nature, and a
long shelf-life. Moreover, its decomposition should not result
in residual impurities.’® For instance, in the generation of
carbon nanotubes via CVD, a substrate is placed in an oven
and heated to high temperatures. Subsequently, a carbon-
containing (such as hydrocarbons) gas is slowly introduced to
the system as a precursor. At high temperatures, the decom-
position of the gas releases carbon atoms, which recombine to
form carbon nanotubes on the substrate.?® However, the choice
of catalyst plays a significant role in the morphology and type of
nanomaterial obtained. In the CVD-based preparation of graphene,
Ni and Co catalysts provide multilayer graphene, whereas a Cu
catalyst provides monolayer graphene.®® Overall, CVD is an
excellent method for producing high-quality nanomaterials,**
and it is well-known for the production of two-dimensional
nanomaterials (Fig. 8).°>

3.2.2. Solvothermal and hydrothermal methods. The hydro-
thermal process is one of the most well-known and extensively
used methods used to produce nanostructured materials.®*** In
the hydrothermal method, nanostructured materials are attained
through a heterogeneous reaction carried out in an aqueous

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 TEMimages, corresponding mean sizes, and standard deviations of
palladium nanoparticles synthesized via laser ablation in water for 10 min
at laser wavelengths and fluences of (a) 532 nm and 892 J cm™2
(b) 532 nm and 19.90 J cm™2, (c) 1064 nm and 8.92 J cm 2, (d) 1064 nm
and 19.90 J cm™2 and (e) 355 nm and 0.10 J cm™2. Reprinted with
permission from ref. 57. Copyright: ©2017, Wiley-VCH Verlag GmbH &

Co. KGaA, Weinheim.

medium at high pressure and temperature around the critical
point in a sealed vessel.® The solvothermal method is like the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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hydrothermal method. The only difference is that it is carried
out in a non-aqueous medium. Hydrothermal and solvothermal
methods are generally carried out in closed systems.*® The
microwave-assisted hydrothermal method has recently received
significant attention for engineering nanomaterials, combining
the merits of both hydrothermal and microwave methods.”
Hydrothermal and solvothermal methods are exciting and useful
methods for producing various nano-geometries of materials, such
as nanowires, nanorods, nanosheets, and nanospheres.**”°
3.2.3. The sol-gel method. The sol-gel method is a wet-
chemical technique that is extensively used for the development
of nanomaterials. This method is used for the development of
various kinds of high-quality metal-oxide-based nanomaterials.
This method is called a sol-gel method as during the synthesis
of the metal-oxide nanoparticles, the liquid precursor is
transformed to a sol, and the sol is ultimately converted into a
network structure that is called a gel.”* Conventional precursors
for the generation of nanomaterials using the sol-gel method are
metal alkoxides. The synthesis process of nanoparticles via the
sol-gel method can be completed in several steps. In the first
step, the hydrolysis of the metal oxide takes place in water or
with the assistance of alcohol to form a sol. In the next step,
condensation takes place, resulting in an increase in the solvent
viscosity to form porous structures that are left to age. During the
condensation or polycondensation process, hydroxo- (M-OH-M)
or oxo- (M-O-M) bridges form, resulting in metal-hydroxo- or
metal-oxo-polymer formation in solution.”” During the aging
process, polycondensation continues, with changes to the
structure, properties, and porosity. During aging, the porosity
decreases, and the distance between the colloidal particles
increases. After the aging process, drying takes place, in which
water and organic solvents are removed from the gel. Lastly,
calcination is performed to achieve nanoparticles.”* Fig. 9 shows
film and powder formation using the sol-gel method.”* The
factors that affect the final product obtained via the sol-gel
method are the precursor nature, hydrolysis rate, aging time, pH,
and molar ratio between H,O and the precursor.”®> The sol-gel
method is economically friendly and has many other advantages,
such as the produced material being homogeneous in nature,
the processing temperature being low, and the method being a
facile way to produce composites and complex nanostructures.”
3.2.4. Soft and hard templating methods. Soft and hard
template methods are extensively used to produce nanoporous
materials. The soft template method is a simple conventional
method for the generation of nanostructured materials. The
soft template method has been considered advantageous due to
its straightforward implementation, relatively mild experimental
conditions, and the development of materials with a range of
morphologies.”® In the soft templating method, nanoporous
materials are produced using plenty of soft templates, such as
block copolymers, flexible organic molecules, and anionic,
cationic, and non-ionic surfactants.”” Most prominent interac-
tions between the soft templates and the precursors occur
through hydrogen bonding, van der Waals forces, and electrostatic
forces.”® Soft templates of 3D specifically arranged liquid crystal-
line micelles are used to synthesize 3D ordered mesoporous
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Elsevier B.V. All rights reserved.

structures. One of the classic examples involves mesoporous
solids, such as lamellar (MCM-50), cubic (MCM-48), and hexagonal
(MCM-41) ordered mesoporous silicas, being produced using
alkyltrimethylammonium surfactant.”>®*® Generally, for the synth-
esis of ordered mesoporous materials via a soft templating
method, two processes called cooperative self-assembly and “‘true”
liquid-crystal templating are adopted.”” Several factors can affect
the mesoporous material structures derived from 3D arranged
micelles, such as the surfactant and precursor concentrations,
ratio of surfactant to precursor, surfactant structure, and environ-
mental conditions.”® The nanoporous material pore sizes can be
tuned via varying the surfactant carbon chain-length or introdu-
cing auxiliary pore-expanding agents. A range of nanostructured
materials, such as mesoporous polymeric carbonaceous nano-
spheres,®' single crystal nanorods,®* porous aluminas,® and
mesoporous N-doped graphene,®* can be produced via the soft
template method.

The hard template method is also called nano-casting. Well-
designed solid materials are used as templates, and the solid
template pores are filled with precursor molecules to achieve
nanostructures for required applications (Fig. 10).”® The selec-
tion of the hard template is critical for developing well-ordered
mesoporous materials. It is desirable that such hard templates
should maintain a mesoporous structure during the precursor
conversion process, and they should be easily removable with-
out disrupting the produced nanostructure. A range of materials
has been used as hard templates, not limited to carbon black,
silica, carbon nanotubes, particles, colloidal crystals, and wood

1828 | Mater. Adv, 2021, 2,1821-1871

shells.®® Three main steps are involved in the synthetic pathway
for obtaining nanostructures via templating methods. In the first
step, the appropriate original template is developed or selected.
Then, a targeted precursor is filled into the template mesopores
to convert them into an inorganic solid. In the final step, the
original template is removed to achieve the mesoporous
replica.®® Via using mesoporous templates, unique nanostruc-
tured materials such as nanowires, nanorods, 3D nanostruc-
tured materials, nanostructured metal oxides, and many other
nanoparticles can be produced.?” From this brief discussion, it
can be seen that a wide range of unique structured nanomaterials
can be produced using soft and hard template methods.

3.2.5. Reverse micelle methods. The reverse micelle method
is also a useful technique for producing nanomaterials with the
desired shapes and sizes. An oil-in-water emulsion results in
normal micelles, in which hydrophobic tails are aimed towards a
core that has trapped oil droplets within it. However, reverse
micelles are formed in the case of a water-in-oil emulsion, in
which the hydrophilic heads are pointing towards a core that
contains water.®® The core of the reverse micelles acts as a
nanoreactor for the synthesis of nanoparticles. It acts as the
water pool for developing nanomaterials. The size of these nano-
reactors can be controlled by varying the water-to-surfactant ratio,
ultimately affecting the size of the nanoparticles synthesized
through this method. If the water concentration is decreased, this
results in smaller water droplets, resulting in the formation of
smaller nanoparticles.®® Thus, the reverse micelle method provides
a facile route for synthesizing uniform nanoparticles with precisely

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 An overview showing two sol-gel method synthesis examples: (a) films from a colloidal sol and (b) powder from a colloidal sol transformed into a
gel. Reprinted with permission from ref. 74. Copyright: ©2010, Elsevier B.V. All rights reserved.

controlled size. Nanoparticles developed through the reverse micelle
method are amazingly fine and monodispersed in nature.” Fig. 11
demonstrates the synthesis of magnetic lipase-immobilized nano-
particles via the reverse micelle method.”*

4. Unique nanomaterial features

The properties of matter at the nanoscale level are substantially
distinct compared to bulk counterparts. Size-dependent effects
become more prominent at the nanoscale. For example, Au
solution appears yellow when in the bulk and it appears purple
or red at the nanoscale level. The properties of nanomaterials
can be tuned via tuning the nanomaterial size.’>®® At the
nanoscale, the electronic properties are substantially changed
compared to bulk materials. For example, boron in bulk form is
not considered a metal, whereas a two-dimensional network of
boron (borophene) appears to be an excellent 2D metal.”*
Compared to their bulk counterparts, the mechanical properties
of nanomaterials are considerably improved due to increases in
crystal perfection or reductions in crystallographic defects.’
The electronic properties of semiconductors in the 1-10 nm
range are controlled by quantum mechanical considerations.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Thus, nanospheres with diameters in the range of 1-10 nm are
known as quantum dots. The optical properties of nanomaterials
such as quantum dots strongly depend upon their shape and
size.”® A photogenerated electron-hole pair has an exciton
diameter on the scale of 1-10 nm. Thus, the absorption and
emission of light by semiconductors could be controlled via
tuning the nanoparticle size in this range. However, in the case
of metals, the mean free path of electrons is ~10-100 nm and,
due to this, electronic and optical effects are expected to be
observed in the range of ~10-100 nm. The colors of aqueous
solutions of metal nanoparticles can be changed via changing
the aspect ratio. Aqueous solutions of Ag NPs show different
colors at different aspect ratios. A red shift in the absorption
band appears with an increase in the aspect ratio (Fig. 12).2*

Among a range of unique properties, the following key proper-
ties can be obtained upon tuning the sizes and morphologies of
nanomaterials.

4.1. Surface area

The surface areas of nanomaterials are generally substantially
high compared with their bulk counterparts, and this property
is associated with all nanomaterials.®”
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4.2. Magnetism 4.3. Quantum effects

The magnetic behavior of elements can change at the nano- Quantum effects are more pronounced at the nanoscale level.
scale. A non-magnetic element can become magnetic at the However, the size at which these effects will appear strongly
nanoscale level.” depends upon the nature of the semiconductor material.®

@)

1. MNPs 2. Surface of MNPs 3. NH-MNPs 3. GA-MNPs

(b)

Isooctane phase

1. Reverse micelles 2. GA-MNPs in micelles 3. Lipase combination 4. L-MNPs
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Fig. 11 (a) A schematic diagram showing the synthetic steps to GA-MNPs. (b) The synthesis of L-MNPs through a non-ionic reverse micelle
method.’*
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Fig. 12 Aqueous solutions of silver nanoparticles show wide variations in visible color depending on the aspect ratio of the suspended nanoparticles.
The far left of the photograph shows silver nanospheres (4 nm in diameter) that are used as seeds for subsequent reactions, while (a—f) show silver
nanorods with increasing aspect ratios from 1-10. The corresponding visible absorption spectra for (a)—-(f) are also shown in the left panel. Reprinted with
permission from ref. 21. Copyright: ©2002, WILEY-VCH Verlag GmbH, Weinheim, Fed. Rep. of Germany.

4.4. High thermal and electrical conductivity

According to the nature of the nanomaterial, extraordinary
thermal and electrical conductivity can be exhibited at the
nanoscale level compared to bulk counterparts. One example
of this is graphene attained from graphite.”

4.5. Excellent mechanical properties

Nanomaterials exhibit excellent mechanical properties that are
absent in their macroscopic counterparts.'®®

4.6. Excellent support for catalysts

2D sheets of various nanomaterials have provided the opportunity
for the good dispersion of nanoparticles of active catalyst, enhan-
cing the catalyst performance substantially.'®" Recently, catalysts
have been atomically dispersed on 2D sheets of nanomaterials to
boost performance.'®*

4.7. Antimicrobial activity

Some nanomaterials possess antiviral, antibacterial, and anti-
fungal properties and have an excellent capacity to deal with
pathogen-related diseases.'®*'%*

Overall, these features have made nanoscale materials valu-
able for a wide range of applications, substantially boosting the
performances of various devices and materials in a number of
fields. Details of various nanomaterials, their properties, and
applications in various fields will be discussed below.

5. Nanomaterials, characteristics, and
applications
5.1. Special carbon-based nanomaterials

The carbon-based nanomaterial family consists of nanomaterials
that have been extensively explored for various applications due to
their outstanding features. The extraordinary properties of tun-
able carbon-based nanomaterials have attracted great interest for

© 2021 The Author(s). Published by the Royal Society of Chemistry

use in new technologies and addressing modern challenges.'%>'%¢

The carbon family consists of several unique nanomaterials,
including CNTs, fullerenes, graphene, carbon nanohorns, carbon-
based quantum dots, and many others. These nanomaterials are
briefly discussed in this section, elaborating on their key char-
acteristics and significance.

5.1.1. Fullerenes. Fullerenes are an amazing allotrope of
carbon and they were discovered in 1985. Fullerenes are highly
symmetrical cages of sp>hybridized carbon atoms. Fullerenes
are distinct molecules, and they consist of a specific number of
carbon atoms, making them different from the other allotropes
of carbon. Fullerenes appear with different sizes according to
the number of carbon atoms, such as Cgg, C59, C52, C76, Cgs, and
Ci00.""” Among them, the most abundant and famous example
is Cgo fullerene. Cg, fullerene consists of a hollow structure with
12 pentagons and 20 hexagons made up from 60 carbon atoms
that are linked to each other through covalent bonds that
are sp> hybridized in nature, and they show icosahedral
symmetry.'°® In fullerenes, the five-membered rings are iso-
lated by six-membered rings. Fullerene (Cs) is considered an
ideal zero-dimensional material due to its small, spherical,
and isotropic nature.'® The sphere is considered to be one of
the more stable structures in nature, and the same is true for
fullerene.

In the carbon-based nanomaterial family, fullerenes were the
first symmetric material, and they provided new perspectives in
the nanomaterials field. This led to the discovery of other carbon-
based nanostructured materials, such as carbon nanotubes and
graphene."'® Fullerenes are present in nature and interstellar
space.'"" Interestingly, fullerenes were the molecule of the year
in 1991 and attracted the most research projects compared to
other scientific subjects during that period." Fullerenes possess
several unique features that make them attractive for applications
in different fields. Fullerenes display solubility to some extent in a
range of solvents, and these characteristics make them unique
compared to the other allotropes of carbon.'®®
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The chemical modification of fullerenes is an exciting subject,
improving their effectiveness for applications. There are two main
ways to modify fullerenes:*** fullerene inner-space modification,
and fullerene outer-surface modification.

Endohedral and exohedral doping examples are shown in
Fig. 13.""* Fullerenes are hollow cages, and the interior acts as a
robust nano-container for host target species when forming
endohedral fullerene.'*® Endohedral fullerenes do not always
follow the isolated pentagon rule (IPR).'*® To date, fullerene
nanocages have received substantial consideration in the materials
chemistry field due to their useful potential applications. Neutral
and charged single atoms in free space are highly reactive and
unstable. In the confined environment of fullerenes, these reactive
species can be stabilized; for example, the LaCg," ion does not
react with the NH;, O,, H,, or NO. Thus, reactive metals can be
protected from the surrounding environment by trapping them
inside fullerene cages.'”” Another emerging carbon nanomaterial
is endohedral fullerene containing lithium (Li@Cg)."*® Lithium
metal is very reactive, and extreme controlled environmental
conditions are required to preserve or use it. In other words,
secure structures are required for lithium storage. Li-Based endo-
hedral fullerene shows unique solid-state properties. The encap-
sulation of lithium atoms in fullerene helps to protect lithium
atoms from external agents. Li-Based endohedral fullerenes have
the potential to open the door to nanoscale lithium batteries."*
For the development of endohedral metallofullerenes, larger
fullerenes are generally required, as they possess large cages to
accommodate lanthanide and transition metal atoms more
smoothly."*® Fullerene nanocages are useful for the storage
of gases. Fullerene is under consideration for hydrogen
storage.'?%121

Exohedral fullerenes carry more potential for applications as
outer surfaces can be more easily modified or functionalized.
The exohedral doping of metals into fullerenes strongly affects
the electronic properties via shifting electrons from the metal
to the fullerene nanocage.'”* The practical application of full-
erenes can be achieved with tailor-made fullerene derivatives via
chemical functionalization. As fullerene chemistry has matured, a
wide range of functionalized fullerenes has been realized through
simple synthetic routes."*® The combination of hydrogen-bonding
motifs and fullerenes has allowed the modulation of 1D, 2D, and
3D fullerene-based architectures.” The excellent electron affi-
nities of fullerenes have shown great potential for eliminating
reactive oxygen species. The presence of excess reactive oxygen

endohedral doping;

Fig. 13 A schematic representation of the two interstitial doping sites in
Ceo, leading to exohedral and endohedral doping. Reprinted with permis-
sion from ref. 114. Copyright: ©2009, WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.
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species can cause biological dysfunction or other health issues.
The surfaces of fullerenes have been functionalized via mussel-
inspired chemistry and Michael addition reactions for the
fabrication of Cg-PDA-GSH. The developed Cgs,-PDA-GSH
nanoparticles demonstrated excellent potential for scavenging
reactive oxygen species.'*>

Amphiphiles have great importance in industrial processes
and daily life applications. Amphiphilic molecules consist of
hydrophilic and hydrophobic parts, and they perform functions
in water via forming two- and three-dimensional assemblies.
Recently, conical fullerene amphiphiles'®® have emerged as a
new class of amphiphiles, in which a nonpolar apex is supplied
by fullerenes and a hydrophilic part is achieved through
functionalization. The selective functionalization of the fullerene
on one side helps to achieve a supramolecule due to unique
interfacial behavior. The unique supramolecular structure
formed via the spontaneous assembly of one-sided selectively
functionalized fullerenes through strong hydrophobic interac-
tions between the fullerene apexes and polar functionalized
portions is soluble in water. Conical fullerene amphiphiles are
mechanically robust. Via upholding the structural integrity,
conical fullerene amphiphiles can be readily aggregated with
nanomaterials and biomolecules to form multicomponent
agglomerates with controllable structural features.'*” Fullerenes,
after suitable surface modification, have excellent potential for
use in drug delivery, but there have only been limited explora-
tions of their drug delivery applications.'*®'*® Fullerene-based
nano-vesicles have been developed for the delayed release of
drugs."® Water-soluble proteins have great potential in the field
of nanomedicine. The water-soluble cationic fullerene,
tetra(piperazino)[60] fullerene epoxide (TPFE), has been used
for the targeted delivery of DNA and siRNA specifically to the
lungs."®" For diseases in lungs or any other organ, efficient
treatment requires the targeted delivery of active agents to a
targeted place in the organ. The accumulation of micrometer-
sized carriers in the lung makes lung-selective delivery difficult,
as this may induce embolization and inflammation in the lungs.
Size-controlled blood vessel carrier vehicles have been developed
using tetra(piperazino)fullerene epoxide (TPFE). TPFE and siRNA
agglutinate in the bloodstream with plasma proteins and, as a
result, micrometer-sized particles are formed. These particles
clog the lung capillaries and release siRNA into lungs cells; after
siRNA delivery, they are immediately cleared from the lungs
(Fig. 14)."*

The supramolecular organization of fullerene (Cg) is a unique
approach for producing shape-controlled moieties on the nano-,
micro-, and macro-scale. Nano-, micro-, and macro-scale supra-
molecular assemblies can be controlled via manipulating the
preparation conditions to achieve unique optoelectronic pro-
perties."*® The development of well-ordered and organized 1D,
2D, and 3D fullerene assemblies is essential for achieving
advanced optical and organic-based electronic devices."**
Fullerene-based nanostructured materials with new dimensions
are being developed from zero-dimensional fullerene and tuned
to achieve the desired characteristics. 1D Cg, fullerene nanowires
have received substantial attention over other crystalline forms

© 2021 The Author(s). Published by the Royal Society of Chemistry
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siRNA complexes were delivered into lung cells and siRNA was released into lung cells. Reprinted with permission from ref. 132. Copyright: ©2014,

Springer Nature.

due to their excellent features of potential quantum confinement
effects, low dimensionality, and large surface areas."*

Carbon nanomaterials are also used as supports for catalysts,
and the main reasons to use them are their high surface areas and
electrical conductivities. Carbon supports strongly influence the
properties of metal nanoparticles. In fuel cells, the carbon support
strongly affects the stability, electronic conductivity, mass trans-
port properties, and electroactive surface area of the supported
catalyst."*® In fuel cells, the degradation of some catalysts, such as
platinum-based examples, and carbon is correlated and rein-
forced as a result of both being present. Carbon support oxidation
is catalyzed by platinum and the oxidation of carbon accelerates
platinum-catalyst release. Overall, this results in a loss of cataly-
tically active surface area.'®” Fullerenes are considered suitable
support materials due to their excellent electrochemical activities
and stability during electrochemical reactions.”® Due to their
high stability and good conductivity, fullerenes can replace con-
ventional carbon as catalyst support materials. Fullerenes are also
used for the development of efficient solar cells.**

Apart from the applications mentioned above, fullerenes have
a broader spectrum of applications where they can be used to
improve outcomes considerably. Fullerenes have the potential to
be used in the development of superconductors."*® The strong
covalent bonds in fullerenes make them useful nanomaterials

© 2021 The Author(s). Published by the Royal Society of Chemistry

for improving the mechanical properties of composites."*" The
combination of fullerenes with polymers can result in good
flame-retardant and thermal properties.*** Fullerenes and their
derivatives are used for the development of advanced lubricants.
They are used as modifiers for greases and individual solid
lubricants.'*® Fullerenes have tremendous medicinal impor-
tance due to their anticancer, antioxidant, anti-bacterial, and
anti-viral activities.'**

Fullerenes are vital members of the carbon-based nanomaterial
family and they certainly possess exceptional properties. This
discussion further emphasizes their importance for advanced
applications. However, the discovery of other carbon-based nano-
materials has put fullerenes in the shade, and the pace of their
exploration has been reduced. As fullerenes are highly symmetrical
molecules with unique properties, they can act as performance
boosters, but more attention is needed from researchers for their
practical expansion."*°

5.1.2. CNTs. Carbon nanotubes are an essential member of
the carbon nanomaterial family, and they entered the carbon
family in 1991 after being discovered by S. Iijima.'** After the
discovery of CNTs, extensive research was carried out to explore
their properties for various applications. Later on, S. Iijima and
Toshinari Ichihashi reported single-shell carbon nanotubes
with a diameter of 1 nm."** Carbon nanotubes are rolled sheets
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of single-layered sp>-hybridized carbon atoms. The surfaces of
the nanotubes consist of sp>-hybridized carbon atoms that are
arranged in hexagons.*® The carbon nanotubes can be further
divided according to the number of rolled graphene sheets into
single-walled carbon nanotubes, double-walled carbon nano-
tubes, and multi-walled carbon nanotubes.

Single-walled carbon nanotubes consist of a seamless one-
atom-thick graphitic layer, in which carbon atoms are connected
through strong covalent bonds."*® Double-walled carbon nano-
tubes consist of two single-walled carbon nanotubes. One carbon
nanotube is nested in another nanotube to construct a double-
walled carbon nanotube.'*” In multi-walled carbon nanotubes,
multiple sheets of single-layer carbon atom are rolled up. In
other words, many single-walled carbon nanotubes are nested
within each other. From different types of nanotubes, it can be
concluded that the nanotubes may consist of one, tens, or
hundreds of concentric carbon shells, and these shells are
separated from each other with a distance of ~0.34 nm."*®
Carbon nanotubes can be synthesized via chemical vapor
deposition,'* laser ablation,'*® arc-discharge,'** and gas-phase
catalytic growth.'

Single-walled carbon nanotubes display a diameter of 0.4 to
2 nm. The inner wall distance between double-walled carbon
nanotubes was found to be in the range of 0.33 to 0.42 nm.
MWCNT diameters are usually in the range of 2-100 nm, and
the inner wall distance is about 0.34 nm.**”"*>* However, it is
essential to note that the diameters and lengths of carbon
nanotubes are not well defined, and they depend on the
synthesis route and many other factors. The electrical conduc-
tivities of SWCNTs and MWCNTs are about 10°-10° S cm ™" and
10°-10°> S cm ™, respectively. SWCNTs and MWCNTs also dis-
play excellent thermal conductivities of ~6000 W m™* K™* and
~2000 W m~' K%, respectively. CNTs remain stable in air at
temperatures higher than 600 °C.">* These properties indicate
that CNTs have obvious advantages over graphite.

Single-walled carbon nanotubes can display metallic or
semiconducting behavior. Whether carbon nanotubes show
metallic or semiconducting behavior depends on the diameter
and helicity of the graphitic rings."** The rolling of graphene
sheets leads to three different types of CNTs: chiral, armchair,
and zigzag (Fig. 15).">

Carbon nanotubes demonstrate some amazing characteristics
that make them valuable nanomaterials for possible practical
applications. Theoretical and experimental studies of carbon
nanotubes have revealed their extraordinary tensile properties.
J. R. Xiao et al. used an analytical molecular structural mechanics
model to predict SWCNT tensile strengths of 94.5 (zigzag nano-
tubes) and 126.2 (armchair nanotubes) GPa."'*® In another study,
the Young’s modulus and average tensile strength of millimeter-
long multi-walled carbon nanotubes were analyzed and found to
be 34.65 GPa and 0.85 GPa, respectively.®” Carbon nanotubes
possess a high aspect ratio. Due to their high tensile strength,
carbon nanotubes are used to enhance the mechanical properties
of composites.

Carbon nanotubes have become an important industrial material
and hundreds of tonnes are produced for applications.*® Their high
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Fig. 15 The rolling up of a graphene sheet leading to the three different
types of CNT. Reprinted with permission from ref. 155. Copyright: ©2005,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

tensile strength and high aspect ratio have made carbon nano-
tubes an ideal reinforcing agent.">® Carbon nanotubes are light-
weight in nature and are used to produce lightweight and
biodegradable nanocomposite foams."®® The structural para-
meters of carbon nanotubes define whether they will be semi-
conducting or metallic in nature. This property of carbon
nanotubes is considered to be effective for their use as a central
element in the design of electronic devices such as rectifying
diodes,'®" single-electron transistors,'®> and field-effect transis-
tors."® The chemical stability, nano-size, high electrical conduc-
tivity, and amazing structural perfection of carbon nanotubes
make them suitable for electron field emitter applications.'®*
The unique set of mechanical and electrochemical properties
make CNTs a valuable smart candidate for use in lithium-ion
6> CNTs have the full potential to be used as a
binderless free-standing electrode for active lithium-ion storage.
CNT-based anodes can have reversible lithium-ion capacities
exceeding 1000 mA h g™, and this is a substantial improvement
compared with conventional graphite anodes. In short, the
following factors play a role in controlling and optimizing the
performances of CNT-based composites:'®° (i) the volume frac-
tion of carbon nanotubes; (ii) the CNT orientation; (iii) the CNT
matrix adhesion; (iv) the CNT aspect ratio; and (iv) the composite
homogeneity.

For some applications, a proper stable aqueous dispersion of
CNTs at a high concentration is pivotal to allow the system to
perform its function efficiently and effectively."®” One of the major
issues associated with carbon nanotubes is their poor dispersion
in aqueous media due to their hydrophobic nature. Clusters of
CNTs are formed due to van der Waals attraction, n—-n stacking,
and hydrophobicity. The CNT clusters, due to their strong inter-
actions, hinder solubility or dispersion in water or even organic-
solvent-based systems.'®® This challenging dispersion associated

batteries.
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with CNTs has limited their use for promising applications, such
as in biomedical devices, drug delivery, cell biology, and drug
delivery.*®” Carbon nanotube applications and inherent character-
istics can be further tuned via suitable functionalization. The
functionalization of carbon nanotubes helps scientists to manipu-
late the properties of carbon nanotubes and, without functionaliza-
tion, some properties are not attainable.'® The functionalization of
nanotubes can be divided into two main categories: covalent
functionalization and non-covalent functionalization.

5.1.1. The covalent functionalization of CNTs. The covalent
functionalization of CNTs has substantially improved the utility
of nanomaterials for various applications. In covalent functio-
nalization, the functional group is covalently attached to the
sidewalls of the carbon nanotubes. Covalent functionalization
is generally carried out via two approaches: (1) the activation of
the carbon nanotubes by generating reactive species such as
hydroxyl groups, amine groups, and carboxylic groups; and (2)
the direct covalent attachment of the desired functionalities
using radical addition, cycloaddition, and electrophilic and
nucleophilic addition reactions.'”® Functionalization via the
sidewalls and ends/defects are two subcategories of the covalent
functionalization of CNTs.'”*

The heating of CNTs under strongly acidic and oxidative
conditions results in the formation of oxygen-containing func-
tionalities. These functional groups, such as carboxylic acid,
react further with other functional groups, such as amines or
alcohols, to produce amide or ester linkages on the carbon
nanotubes.'”” One of the main issues preventing the utilization
of CNTs for biomedical applications is their toxicity. The cyto-
toxicity of pristine carbon nanotubes can be reduced via intro-
ducing carbonyl, -COOH, and -OH functional groups. Apart
from functionalization through oxidized CNTs, the direct func-
tionalization of CNTs is also possible. However, direct functio-
nalization requires more reactive species to directly react with
the CNTs, such as free radicals. Addition reactions to CNTs can
cause a transformation from sp® hybridization to sp® hybridiza-
tion at the point of addition. At the point where functionaliza-
tion has taken place, the local bond geometry is changed from
trigonal planar to tetrahedral geometry. Some addition reactions
to the sidewalls of CNTs are shown in Fig. 16.">

It is important to discuss how the covalent functionalization
of carbon nanotubes comes at the price of the degradation of
the carbon sp® network. This substantially affects the electronic,
thermal, and optoelectronic properties of the carbon nano-
tubes.'®® Efforts are being made to introduce a new method of
covalent functionalization that can keep the n network of CNTs
intact. Antonio Setaro et al. introduced a new [2+1] cycloaddition
reaction for the non-destructive, covalent, gram-scale functionali-
zation of single-walled carbon nanotubes. The reaction rebuilds
the extended n-network, and the carbon nanotubes retained their
outstanding quantum optoelectronic properties (Fig. 17).'”

5.1.2. Non-covalent functionalization. The non-covalent modi-

fication of CNTs is one of the simplest and most effective ways
to functionalize the surface of CNTs to enhance their dispersibility

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Br-CH(COOR),

NH,-CH,-COOH
R-CHO

Fig. 16 An overview of possible addition reactions for the functionaliza-
tion of nanotube sidewalls. Reprinted with permission from ref. 155. Copy-
right: ©2005, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

and performance for relevant applications. The non-covalent
functionalization of CNTs is achieved using n-m interactions,
CH-1t interactions, van der Waals attraction, and electrostatic
interactions. The non-covalent functionalization of CNTs is con-
sidered to be advantageous as it does not involve damaging the
sp> carbon network of CNTs and it helps to preserve the intrinsic
characteristics of the CNTs.'”* Different materials, such as
polymers, aromatic compounds, and head-tail surfactants, are
used for non-covalent functionalization."”

Polymers are frequently combined with CNTs to enhance
their dispersion capabilities. Polymers interact with CNTs
through CH-r and n-7 interactions."”* Hexanes and cycloalkanes
are poor CNT solvents but the good solubility or dispersion of
CNTs in these solvents is required for surface coating applications.
Poly(dimethylsiloxane) (PDMS) macromer-grafted polymers have
been prepared using PDMS macromers and pyrene-containing
monomers that strongly adsorb on CNTs, thus improved the
solubility of CNTs in chloroform and hexane.'”® The use of
head-tail surfactants is another attractive way to achieve a fine
dispersion of CNTs in an aqueous medium. In head-tail surfac-
tants, the tail is hydrophobic and interacts with the CNT side-
walls, and the hydrophilic head groups interact with the aqueous
environment to provide a fine dispersion."”’

For electrical applications, non-covalently functionalized
CNTs are more preferred because the electrical properties of
the CNTs are not compromised. CNTs have been non-covalently
functionalized with a variety of biomolecules for the fabrication
of electrochemical biosensors.'”> Non-covalently functionalized
SWCNTs are used for energy applications. Single-walled carbon
nanotubes (SWCNTs) have been non-covalently functionalized
with 3d transition metal(u) phthalocyanines, lowering the potential
of the oxygen evolution reaction by approximately 120 mV com-
pared with unmodified SWCNTs."”® The toxicity of pristine CNTs
toward living organisms can be lessened via using surfactant-
functionalized CNTs."”® However, in some cases, during polymer
non-covalent functionalization, the polymer may wrap CNT
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(a) A molecular sketch of AuNPs covalently anchored to SH-SWNTs. (b) A TEM micrograph of the Au@SWNTs hybrid; scale bar: 5 nm; few-SWNT

bundles can be observed, and AuNPs are assembled along the tubes. (c) The enhancement of the luminescence emission of SWNTs after the covalent
attachment of AuNPs onto their surface: a comparison between the emission of Au@SWNTs hybrid (red curve) and that of SH-SWNTs (black curve).

Reprinted with permission from ref. 173. Copyright: ©2017, Springer Nature.

bundles and make it difficult to separate the CNTs from each
other. Polymers can develop into insulating wrapping that
affects the CNT conductivity.

5.1.3. Graphene. Graphene, a member of the carbon nano-
material family, has emerged as a magic material that received
incredible prominence within just a couple of years of its
isolation from graphite in 2004. The striking features of gra-
phene have promised to bring about revolutions in the fields of
batteries, supercapacitors, solar cells, field-effect transistors,
catalysis, sensors, and membrane technology.”®*%" Graphene
fever has continuously risen to try to meet the requirements of
various devices and obtain desirable performance. Therefore,
more pressure is being placed on this research to explore
how to bring graphene to market. Graphene involves two-
dimensional sp>hybridized carbon atom planar sheets that
are tightly packed into honeycomb-like lattices."®* Graphene
is one of the thinnest known materials and it possesses
excellent mechanical strength.'®® Graphene is transparent in
nature, and that aspect of graphene is impressive when it
comes to building transparent light panels and touch-screens.
Graphene also possesses an exceptionally high theoretical sur-
face area of about 2630 m> g~ *. The surface area of graphene is
much higher compared to fullerenes and graphite. It is also

higher compared to CNTs. S. Ghosh et al.'® reported that the
thermal conductivity of graphene flakes is in the range of
~3080-5150 W m ' K '. Alexander A. Balandin'®® has
obtained thermal conductivity of between ~(4.84 + 0.44) x
10° to (5.30 £ 0.48) x 10° W m™' K ' from single-layer
graphene. This high value of thermal conductivity can outper-
form carbon nanotubes in the arena of heat conduction. K. I. Bolotin
achieved ultrahigh electron mobility of 200000 cm® V' s™* at
electron densities of ~2 x 10"" em ™~ via suspending single-layer
graphene.’®® The distinctive properties of graphene have attracted
significant attention from researchers. They have started to
evaluate it theoretically and experimentally in order to boost the
performances of various devices via overcoming conventional
challenges (Table 2).

In the literature, several graphene-related materials have
been reported, such as graphene oxide and reduced graphene
oxide."® Among graphenoids, graphene oxide is a more
reported and explored graphene-related material as a precursor
for chemically modified graphene. The synthetic route to
graphene oxide is straightforward, and it is synthesized from
inexpensive graphite powder that is readily available.'®® Graphene
oxide has many oxygen-containing functional groups, such as
epoxy, hydroxyl, carboxyl, and carbonyl groups. The basal plane of

Table 2 A comparison of the properties of graphene, graphene oxide, and reduced graphene oxide

Term Pristine graphene Graphene oxide Reduced graphene oxide Ref.
Definition A single layer of 2D carbon atoms  Heavily oxidized graphene A reduced form of graphene oxide 191
Composition Consists of carbon atoms Consists of C, O, and H Consists of C, O, and H

C/O ratio No oxygen 2-4 Depends upon the synthesis process; 192

contains less oxygen (8-246)

Hybridization sp* sp® and sp® Predominantly sp” and slightly sp® 193
Defects Defect-free Defects present Defects present 194
Preparation Relatively tough Easy Easy 195
Production cost High Low Low 192
Electrical conductivity =~ Highest Poor The electrical properties are partially restored 188
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graphene oxide is generally decorated with epoxide and hydroxyl
groups, whereas the edges presumably contain carboxyl- and
carbonyl-based functional groups.'® The presence of active func-
tional groups in graphene oxide allows its further functionaliza-
tion with different polymers, small organic compounds, or other
nanomaterials to realize several applications."*®

Graphene oxide, due to its oxygen functionality, is insulating in
nature and displays poor electrochemical performance. The
presence of oxygen functionalities in graphene oxide breaks the
conjugated structure and localizes the n-electron network, resulting
in poor carrier mobility and carrier concentration.'*® Its electro-
chemical performance is improved substantially after removing the
oxygen-containing functional groups.’” These functional groups
can be removed or reduced via thermal, electrochemical, and
chemical means. The product obtained after removing or reducing
oxygen moieties is called reduced graphene oxide. The properties
of reduced graphene oxide depend upon the effective removal of
oxygen moieties from graphene oxide. The process used to
remove oxygen-containing functionalities from graphene oxide
will determine the extent to which reduced the properties of
graphene oxide resemble pristine graphene.'*®
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Reduced graphene oxide is extensively used to improve the
performances of various electrochemical devices.'* It is essential
to mention that even after reducing graphene oxide, some
residual sp® carbon bonded to oxygen still exists, which some-
how disturbs the movement of charge through the delocalized
electronic cloud of the sp> carbon network.>*® Apart from this,
the electrochemical activity of reduced graphene oxide is sub-
stantially high enough to manufacture electrochemical devices
with improved performances. Recently, the demand for super-
performance electrochemical devices has increased to overcome
modern challenges relating to electronics and energy-storage
devices.?®" Graphene-based materials are considered to be excellent
electrode materials, and they can be proved to be revolutionary for
use in energy-storage devices such as supercapacitors (SC) and
batteries. Graphene-based electrodes improve the performances of
existing batteries (lithium-ion batteries) and they are considered
useful for developing next-generation batteries such as sodium-
ion batteries, lithium-O, batteries, and lithium-sulfur batteries
(Fig. 18). Being flat in nature, each carbon atom of graphene is
available, and ions can easily access the surface due to low diffusion
resistance, which provides high electrochemical activity.*
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Graphene and its derivatives are extensively used for the
development of electrochemical sensors.>®® The surfaces of
bare electrodes are usually not able to sense analytes at trace
levels and they cannot differentiate between analytes that have
close electrooxidation properties due to their poor surface
kinetics. The addition of graphene layers to the surfaces of
electrodes can substantially improve the electrocatalytic activity
and surface sensitivity towards analytes.’** Graphene has defi-
nite advantages over other materials that are used as electrode
materials for sensor applications. Graphene has a substantially
high surface-to-volume ratio and atomic thickness, making it
extremely sensitive to any changes in its local environment. This
is an essential factor in developing advanced sensing tools, as all
the carbon atoms are available to interact with target species.

Consequently, graphene exhibits higher sensitivity than its
counterparts such as CNTs and silicon nanowires.>*> Graphene
has two main advantages over CNTs for the development of
electrochemical sensors. First, graphene is mostly produced
from graphite, which is a cost-effective route, and second,
graphene does not contain metallic impurities like CNTs can.
Graphene offers many other advantages when developing sensors
and biosensors, such as biocompatibility and n-n stacking inter-
actions with biomolecules.**® Graphene-based materials are ideal
for the construction of nanostructured sensors and biosensors.

The mechanical properties of graphene are used to fabricate
highly desired stretchable and flexible sensors.>®” Graphene
can be utilized to develop transparent electrodes with excellent
optical transmittance. It displays good piezoresistive sensitivity.
Researchers are making efforts to replace conventional brittle
indium tin oxide (ITO) electrodes with flexible graphene electro-
des in optoelectronic devices such as liquid-crystal displays and
organic light-emitting diodes.?°® For human-machine interfaces,
transparent and flexible tactile sensors with high sensitivity have
become essential. Graphene film (GF) and PET have been applied
to develop transparent tactile sensors that exhibit outstanding
cycling stability, fast response times, and excellent sensitivity
(Fig. 19).*° Similarly, graphene is applied for the fabrication of
pressure sensors.>'® Overall, graphene is an excellent material for
developing transparent and flexible devices.*'*"

The use of graphene-based materials is an effective way to deal
with a broad spectrum of pollutants.>'® There are many ways to
deal with environmental pollution; among these, adsorption is
an effective and cost-effective method.”'**"® Graphene-based
adsorbents are found to be useful in the removal of organic,*'®
inorganic, and gaseous contaminants. Graphene-based materials
have some obvious advantages over CNT-based adsorbents. For
example, graphene sheets offer two basal planes for contaminant
adsorption, enhancing their effectiveness as an adsorbent.'*> GO
contains several oxygen functional groups that impart hydro-
philic features. Due to appropriate hydrophilicity, GO-based
adsorbents can efficiently operate in water to remove contami-
nants. Moreover, graphene-oxide-based materials can be func-
tionalized further through reactive moieties with various organic
molecules to enhance their adsorption capacities.*"”

In short, extensive research must continue in order to
develop graphene-based materials with high performance and
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Fig. 19 (a) A schematic diagram of the fabrication procedure of a tactile
sensor based on GF and a PET plate. (b) An optical photograph of a bent
assembled sensor; the geometrical dimensions of the sensor are shown in
the inset. (c) The Raman spectrum of the GF, with typical D (~1352 cm™}),
G (~1583 cm™Y), and 2D (2686 cm™Y) peaks. (d) Transmittance spectra
of pure PET, the GF-PET composite structure, and a multilayer stacked
nanofilm sensor in the visible wavelength range from 350 to 700 nm.2%°
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bring them to the market. Massive focus on graphene research
is also justified due to the extraordinary features described in
extensive theoretical and experimental research works.

5.1.4. Nanodiamonds. Like other carbon-based materials,
nanodiamonds possess numerous exciting properties that
make them attractive nanomaterials for a wide range of applica-
tions. Nanoscale diamonds first appeared on the surface in the
1960s as a result of explosives research in the USSR.>*® However,
these nanomaterials remained unfamiliar to the world until the
end of the 1980s, and critical breakthroughs were not observed
until the beginning of the late 1990s.>'° The term nanodiamond
is used for monocrystalline diamonds whose particle size is less
than 100 nm.?** Nanodiamonds consist of sp>-hybridized carbon
nanoparticles. Nanodiamonds are unique carbon-based nano-
materials and they exhibit exceptional optical properties,
mechanical properties, high specific surface areas, and rich
surface structures. Nanodiamonds can be synthesized using
several methods, such as the ion irradiation of graphite,**'
high-energy ball milling,*** carbide chlorination,*** chemical
vapor deposition,*** and laser ablation.**

Nanodiamonds possess a core-shell-like structure and display
rich surface chemistry, and numerous functional groups are
present on their surface. Several functional groups, such as amide,
aldehyde, ketone, carboxylic acid, alkene, hydroperoxide, nitroso,
carbonate ester, and alcohol groups, are present on nanodiamond
surfaces, assisting in their further functionalization for desired
applications (Fig. 20).>*°

Furthermore, nanodiamond surfaces can be homogenized
with a single type of functional group according to the applica-
tion requirements.*”” The use of nanodiamond particles as a
reinforcing material in polymer composites has attracted great
attention for improving the performance of polymer composite
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materials. The superior mechanical properties and rich surface
chemistry of nanodiamonds have made them a superior mate-
rial for tuning and reinforcing polymer composites. Nanodia-
monds might operate via changing the interphase properties
and forming a robust covalent interface with the matrix.>*®
Nanodiamond (ND)-reinforced polymer composites have shown
superior thermal stabilities, mechanical properties, and thermal
conductivities. Nanodiamonds have shown great potential for
energy storage applications.”** Nanodiamonds and their compo-
sites are also used in sensor fabrication, environmental remedia-
tion, and wastewater treatment.>*>*3! Their stable fluorescence
and long fluorescence lifetimes have made nanodiamonds useful
for imaging and cancer treatment. For biomedical applications,
the rational engineering of nanodiamond particle surfaces has
played a crucial role in the carrying of bioactive substances, target
ligands, and nucleic acids, resisting their aggregation.”****?
Nanodiamonds have a great future in nanotechnology due to
their amazing surface chemistry and unique characteristics.
5.1.5. Carbon-based quantum dots. Carbon quantum dots
are a new form of nanocarbon and they were accidentally
formed during the electrophoretic purification of single-walled
carbon nanotubes in 2004.>** Carbon quantum dots are zero-
dimensional discrete and quasi-spherical nanoscale particles of
carbon that are less than 10 nm in size.>*> Graphene nanosheets
that are less than 100 nm in lateral size are generally described
as graphene quantum dots. Ideally, they involve a single atomic
layer of nano-sized graphite.**>**® Carbon quantum dots possess
several unique features that make them extraordinary materials
for several applications, such as:**”7>%° (i) tunable photolumine-
scence properties and good multi-photon excitation; (ii) biocom-
patibility and low toxicity; (iii) some distinctive features relating
to quantum confinement effects; (iv) solubility in water due to

Uniform distribution
in polymer matrix

Fig. 20 The critical surface chemistry of detonation-based NDs. The ND surface is usually covered with several functional groups. Different surface
treatments (such as liquid phase purification and ozone oxidation) are needed to replace these functional groups with oxygen-containing species like
carboxylic acids and anhydrides. Surface-treated NDs exhibit several attractive properties, such as colloidal stability, drug adsorption, uniform distribution
in a polymer matrix, conjugation with biomolecules, and catalytic properties. Reprinted with permission from ref. 226. Copyright: ©2018, Elsevier Ltd.
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rich oxygen-containing groups; and (v) cost effectiveness and
environmental friendliness.

Carbon quantum dots can be synthesized through several
chemical routes.”***> Some methodologies for synthesizing
carbon dots are described in Fig. 21.>*°%*® Carbon itself is a
black material and displays low solubility in water. In contrast,
carbon quantum dots are attractive due to their excellent solu-
bility in water. They contain a plethora of oxygen-containing
functional groups on their surface, such as carboxylic acids.
These functional moieties allow for further functionalization
with biological, inorganic, polymeric, and organic species.

Carbon quantum dots are also called carbon nano-lights due
to their strong luminescence.**® In particular, carbon quantum
dots offer enhanced chemiluminescence,?****° fluorescent
emission,>' two-photon luminescence under near-infrared
pulsed-laser excitation,*” and tunable excitation-dependent
fluorescence.>® The luminescence characteristics of carbon
quantum dots have been used to develop highly sensitive and
selective sensors. In most cases, a simple principle is involved
in sensing with luminescent carbon quantum dots: their photo-
luminescence intensity changes upon the addition of an
analyte.”* Based on this principle, several efficient sensors
have been developed using carbon quantum dots.>*>*” They
can be used as sensitive and selective tools for sensing explo-
sives such as TNT. Recognition molecules on the surfaces of
carbon quantum dots can help to sense targeted analytes.
Amino-group-functionalized carbon quantum dot fluorescence
is quenched in the presence of TNT through a photo-induced
electron-transfer effect between TNT and primary amino
groups. This quenching phenomenon can help to sense the
target analyte (Fig. 22).>°® Chiral carbon quantum dots (cCQDs)
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can exhibit an enantioselective response. The PL responses of
cCQDs were evaluated toward 17 amino acids and it was found
that the PL intensity of the cCQDs was only substantially
enhanced in the presence of 1-Lys (Fig. 22).>>*

Carbon quantum dots have received significant interest in
the fields of biological imaging and nanomedicine (Fig. 23).>*°
Direct images of RNA and DNA are essential for understanding
cell anatomy. Due to the limitations of current imaging probes,
tracking the dynamics of these biological macromolecules is
not an easy job. Recently, membrane-penetrating carbon quantum
dots have been developed for the imaging of nucleic acids in live
organisms.” It is important to note that most of the carbon
quantum dots utilized to attain cell imaging under UV excitation
emit blue radiation. Some biological tissue also emits blue light,
specifically that involving carbohydrates, and this interferes with
cell imaging carried out with blue-emitting CQDs. This seriously
hinders their potential in the field of biomedical imaging. Due to
this reason, researchers are focusing on tuning CQDs in a way that
their emission peak is red-shifted to avoid interference.>*® Carbon
quantum dots with yellow and green fluorescence have been
reported for bioimaging purposes.’®”?%* The suitable doping of
carbon quantum dots can red-shift the emission to enhance the
bioimaging effectiveness.”®® Doped carbon quantum dots are
capable of biological imaging and display advanced capabilities
for scavenging reactive oxygen species.”**

Carbon quantum dots demonstrate photo-induced electron
transfer properties®® that make them valuable for photocatalytic,
light-energy conversion, and other related applications.**® Carbon
quantum dots enhance the activities of other photocatalysts to
which they are attached. Carbon quantum dots, along with
photocatalysts, provide better charge separation and suppress
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1840 | Mater. Adv,, 2021, 2,1821-1871

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ma00807a

Open Access Article. Published on 24 February 2021. Downloaded on 12/9/2025 5:00:54 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

A
‘OOH NH2
: : Hydrothermal o OHFunClionalizaliox‘ NH:
“COOH “NH2
Citric acid CDs@NH2
Cos ° nanosensor
VWAMHy CHy
INT ENG 403
S— ©
Quenching A = S |
oy
00 A 200,
! nT i ”
- ———3
Quenching =
L E 19
£
= @
0 400 i ) L) “w 0 00 “ 00 £ 0
Waseleagth(om) Warelength(om)
B
4 3\
A
160°C f/—‘ EDC/NHS
CA+EDA =3 [\N-COD
4h \ o
"OH
NH;
L-Cysteine
=
Synthesis PL response PLincrease
B
v»gﬁ-@
—_—
Nanopaper 6".‘

e NS

q Nanopaper Application

Fig. 22 (A) A schematic illustration of the fabrication of a CDs@NH,
nanosensor and its sensing mechanism toward TNT.2%® (B) A schematic
diagram of the synthesis and application procedures of cCQDs. Reprinted
with permission from ref. 254. Copyright: ©2018, Elsevier B.V. All rights
reserved.

the regeneration of photogenerated electron-hole pairs. Moreover,
the proper implantation of carbon quantum dots into
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Fig. 23 The applications of CQDs in nanomedicine. Reprinted with per-
mission from ref. 239. Copyright: ©2019, Elsevier B.V. All rights reserved.
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photocatalysts can broaden the photo-absorption region.
Implanted carbon quantum dots form micro-regional hetero-
structures that facilitate photo-electron transport.*®” The implan-
tation of carbon quantum dots into g-C;N, can substantially
enhance charge transfer and separation efficiencies, prevent
photoexcited carrier recombination, narrow the bandgap, and
red shift the absorption edge.”®® The intrinsic catalytic activity
of polymeric carbon nitride is improved as a result of the nano-
frame heterojunctions formed with the help of CQDs.>*

Carbon quantum dots offer many advantages over conven-
tional semiconductor-based QDs and, thus, they have attracted
considerable researcher attention.”** Due to their remarkable
features, they have shown importance in recent years in the fields of
light-emitting diodes, nanomedicine, solar cells, sensors, catalysis,
and bioimaging.>*®

5.1.6. Carbon nanohorns/nanocones. Carbon nanohorns
are also known as carbon nanocones. They appear as conical
carbon nanostructures that consist of sp> carbon sheets. Single-
walled carbon nanohorns consist of a tubular structure with a
graphene sheet that has a conical end. Due to their closed cage
structure, they are considered a subset of fullerenes, and their
elongated shape makes them a structural analogue to short
single-walled carbon nanotubes. Carbon nanohorns have lengths
of 40-50 nm with diameters in the range of 2-5 nm.*’® The
assembly of thousands of SWNHs results in nanohorn aggregate
formation with a diameter of ~80-100 nm.>”* The aggregation of
carbon nanohorns can be observed in Fig. 24.>”> Three different
types of carbon nanohorns have been observed:>”* dahlia-like
CNHs; bud-like CNHs; and seed-like CNHs.

The production of carbon nanohorns has some obvious
advantages over carbon nanotubes, such as the ability for
toxic-metal-catalyst-free synthesis and large-scale production
at room temperature. Carbon nanotube synthesis involves
metal particles, and harsh conditions, such as the use of strong
acids, are required to remove metallic catalysts. This process
introduces many defects into CNT structures and may cause a
loss of carbon material.>’® Carbon nanohorns possess a wide
diameter compared to CNTs. CNHs possess good absorption
capabilities and their interiors are also available after partial
oxidation, which provides direct access to their internal parts.
Heat treatment under acidic or oxidative conditions facilitates
the facile introduction of holes into carbon nanohorns. Holes
in graphene sheets of single-walled carbon nanohorns can be
produced with O, gas at high temperatures. A large quantity of
material can be stored inside CNH tubes.>”* The surface area of
CNHs is substantially enhanced upon opening the horns to
make their interiors accessible.>”> Carbon nanohorns have great
potential for energy storage,””® electrochemiluminescence,””®
adsorption,””” catalyst support,”’® electrochemical sensing,?”®
and drug delivery system®”® uses. CNHs as catalyst supports
can provide a homogeneous dispersion of Pt nanoparticles (Fig. 25).
The current density of Pt supported on single-walled carbon nano-
horns is double compared to a fuel cell made from Pt supported on
carbon black.*®® Thus, carbon nanohorns provide a better uniform
dispersion that facilitates a high surface area and better catalyst
performance.
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Fig. 24 (a) A TEM micrograph showing a graphitic carbon product that was
generated abundantly upon CO, laser ablation at room temperature. The
product consisted of near-uniform-sized spherical particles with a diameter of
80 nm. (b) A magnified TEM micrograph of the graphitic carbon particles
showing aggregations of tubule-like structures sticking out of the particle
surface. (c) A highly magnified TEM micrograph of the edge regions of graphitic
particles showing conical horn-like protrusions that are up to 20 nm-long on
the particle surface with some modified shapes. Each of these carbon nano-
horns was made of a single graphene sheet with closed caps, and the
diameters were similar to those of fullerene molecules. Reprinted with permis-
sion from ref. 272. Copyright: ©1999, Elsevier Science B.V. All rights reserved.

5.2. Nanoporous materials

Explorations and research relating to the development of porous
materials have fascinated materials chemists for decades.”®" One
example of a porous materials is activated charcoal, which has
been used for many years.”®* The technological and scientific
importance of porous solids arises from their ability to interact
with ions, atoms, and molecules at their outer surface, while their
interior is also accessible. Porous materials are generally defined
as nanoporous materials when they have a pore diameter of less
than 100 nm.>**?%* According to the pore size, porous materials
can be divided into three major categories:***>

5.2.1. Macroporous materials. Porous materials are recognized
as macroporous when they have pore sizes greater than 50 nm.
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Fig. 25 TEM micrographs of a Pt catalyst supported on SWNHs (a) and on
carbon black (b). Reprinted with permission from ref. 280. Copyright:
©2002, 