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1
Introduction for Nanomaterials and Nanocomposites: State of

Art, New Challenges, and Opportunities
P.M. Visakh

1.1
Chemistry of Nanoscience and Technology

Science uses methodologies from synthetic chemistry and materials chemistry to
obtain nanomaterials in specific sizes and shapes, with specific surface properties,
defects, and self-assembly properties, designed to accomplish specific functions
and uses [1]. Nanoscale is usually defined as being smaller than 1/10th of a
micrometer in at least one dimension; this term is also used for materials smaller
than 1pm. An important aspect of nanomaterials is the vast increase in the
surface area to volume ratio, which incorporates the possibilities of new quantum
mechanical effects in such materials. Suspensions of nanoparticles are possible
because the interaction of the particle surface with the solvent molecules is strong
enough to overcome differences in density, which usually results from a material
either sinking or floating in a liquid. Nanoparticles often have unexpected visual
properties because they are small enough to confine their electrons and produce
quantum effects. Nanostructured materials are classified as zero-dimensional,
one-dimensional, two-dimensional, three-dimensional nanostructures. Nanoma-
terials are materials that are characterized by an ultrafine grain size (<50 nm) or
by a dimensionality that is limited to 50 nm. Nanomaterials can be created with
various modulation dimensionalities as defined by Richard W. Siegel: zero (atomic
clusters, filaments, and cluster assemblies), one (multilayers), two (ultrafine-
grained overlayers or buried layers), and three (nanophase materials consisting
of equiaxed nanometer-sized grains). Recently, researchers are using a modified
CVD technique for the fabrication of 0D Nanostructured materials (NSMs) (2, 3].

Palgrave and Parkin [4] used the aerosol-assisted CVD technique to fabricate
the Au nanoparticles on a glass substrate. Toluene is used as a precursor to deposit
gold nanoparticles onto glass. The sizes of Au nanoparticles are 100 nm. Boyd
et al. [5] developed a new CVD process that can be used to selectively deposit
materials of many different types. In this technique, they used the Plasmon
resonance in nanoscale structures to create the local heating, which is crucial in
order to initiate deposition when illuminated by a focused low-power laser [6].
Elihn et al. [7] synthesized the iron nanoparticles enclosed in carbon shells by

Nanomaterials and Nanocomposites: Zero- to Three-Dimensional Materials and Their Composites,
First Edition. Edited by Visakh P.M. and Maria José Martinez Morlanes.
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2

1 Introduction for Nanomaterials and Nanocomposites

laser-assisted chemical vapor decomposition (LCVD) of ferrocene (Fe(C;H;),)
vapor in the presence of the Ar gas. One-dimensional nanomaterials have
nanoscale sizes along two-dimensions and a rod-like or wire-like appearance. In
such nanomaterials, quantum confinement and surface area-related nanoscale
effects are more pronounced compared to 2D nanomaterials. Lyotropic liquid
crystal (LLC) template-assisted synthesis is one of the most facile and most
applied methods for the synthesis of 1D NSMs such as nanowires, nanorods,
nanotubes, nanobelts, nanoribbons, and nanospindles [8 —12]. Kijima et al. [12]
fabricated the platinum, palladium, and silver nanotubes, with inner diameters of
3—4nm and outer diameters of 6—7 nm, by the reduction of metal salts confined
to lyotropic mixed Liquid Crystals (LCs) of two different sized surfactants.

Electrodeposition processes have a wide range of advantages such as low cost,
low energy consumption, high growth rate at relatively low temperatures, being
environmentally friendly, and having good control of the deposition thickness,
shape, and size. Xia et al. [13] fabricated the MnO, nanotube and nanowire arrays
via an electrochemical deposition technique using porous alumina templates.
Tang et al. [14] prepared the Si nanowires on Si substrates by the hydrothermal
deposition route under low temperature and pressure. The obtained Si nanowire
consists of a polycrystalline Si core and an amorphous silica sheath. The diameter
and length of Si nanowires were 170 nm and 101m, respectively. The essence of
nanoscience and nanotechnology is the creation and use of molecules, molecular
assemblies, materials, and devices in the range of 1100 nm, and the exploitation
of the unique properties and phenomena of matter at this dimensional scale.

1.2
Carbon Nanotubes and Their Nanocomposites

Carbon nanotubes CNTs consist of tubes formed by rolled sheets of graphene
(one atomic layer of graphite). The tubes are arranged in a concentric manner
to form single-walled carbon nanotubes (SWCNTs), double-walled carbon nan-
otubes (DWCNTs) and multi-walled carbon nanotubes (MWCNTSs). CNTs are
excellent candidates for use in various applications: as biological and chemical
sensors, as probe tips for scanning probe microscopy, in nano-electromechanical
systems (NEMS), and as reinforcement in nanocomposites [15, 16]. CNTs con-
sist of rolled graphene sheets arranged in a concentric manner and are classified
according to the number of walls. The length of the nanotubes is between a few
hundred nanometers and a few micrometers. Due to their length they become
entangled. In general, the SWCNTs are defect-free, whereas MWCN'Ts present
defects. An individual graphene sheet has high strength (130 GPa) and high elec-
trical and thermal conductivities [17, 18]. Due to these remarkable properties, it
is expected that since the CNTs consist of rolled graphene sheets, they will also
exhibit extraordinary properties. CN'Ts have generated a great deal of interest in
recent years.

The application of CNTs as a reinforcement is very important in any kind of
matrix, but is more widely used in polymer matrix composites. The conventional
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polymer matrix composites have found application in a wide range of fields due to
properties such as low density, reasonable strength, flexibility, and easy process-
ability. However, the search for materials capable of improving the performance of
advanced components has triggered the study and production of CNTs reinforced
nanocomposites. CNTs/epoxy nanocomposites have been extensively investi-
gated due to their industrial and technological applications. These nanocompos-
ites are fabricated using melt mixing or solution mixing methods. Zhou et al. [19]
demonstrated that it is possible to improve the strength and fracture toughness
with the incorporation of 0.3 wt% CN'Ts in the epoxy matrix. Velasco-Santos et al.
[20] studied the CNTs/PMMA (poly Methyl Methacrylate Monomer) nanocom-
posites and observed an increase in the storage modulus of 1135% for composites,
with 1 wt% of CNTs dispersed using an in situ polymerization at 90 °C.

Ceramic matrices reinforced with CNTs can provide nanocomposites with
super plastic deformability, high strength, improved fracture toughness, and
higher electrical and thermal conductivities, while metallic matrices reinforced
with CNTs are expected to produce nanocomposites of high strength and specific
stiffness, which is a desirable coefficient of thermal expansion and good damping
properties [21]. Yamamoto and Hashida [22] developed a new technique to
obtain a more homogeneous dispersion of CNTs and improve the bonding to
the alumina matrix. This treatment involved the use of a precursor method for
the synthesis of an alumina matrix, MWCNTs modified by a covalent func-
tionalization (by a concentrate H,SO, and HNO; acid mixture), and the Spark
Plasma Sintering (SPS) method. Nguyen et al. [23] showed that it is possible to
produce ultrafine-grained MWCNT/Ni composites by the SPS method with 97%
of density. The authors used modified CNTs by noncovalent functionalization
to improve the cohesion between the CNT and Ni powders. The composites
revealed a higher value of hardness in the CNT than the Ni. Kwon and Leparoux
[24] obtained a higher strength for CNT/Al nanocomposites produced by
mechanical ball milling followed by a direct powder hot extrusion process. The
joining of the dispersion and mixture processes in a single step, by ultrasonication
was effective in the formation of a uniform dispersion of CNTs through an Al
matrix of the nanocomposites. CNTs are embedded in the grains of Al, which
is essential for effective load transfer from the matrix to the reinforcement, and
improves the mechanical properties of the nanocomposite.

1.3
Graphene- and Graphene Sheets-Based Nanocomposites

Graphene is extraordinarily strong (the strongest material ever known or tested),
supernaturally light, and electrically super-conductive. It is 200 times stronger
than steel, thinner than a sheet of paper, and more conductive than copper.
Its flexibility and structure also make it the leading candidate as the primary
component of next-generation, ultrahigh speed circuitry in everything from
computers, to smart phones, to televisions. It is therefore of interest to a range of
industries. Graphene CNTs can effectively stack transistors on top of one another
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on microchips, allowing for exponentially more transistors on a chip without
increasing the size. More transistors means more operations per second, which in
turn means more processing power and faster processing speed. Graphene sheets
are composed of carbon atoms linked in hexagonal shapes with each carbon
atom covalently bonded to three other carbon atoms. Each sheet of graphene is
only one atom thick, and each graphene sheet is considered a single molecule.
Graphene’s electron mobility is faster than any known material and researchers
are developing methods to build transistors on graphene that would be much
faster than the transistors currently built on silicon wafers. Another interesting
application of graphene that is being developed takes advantage of the fact that
the sheet is only as thick as a carbon atom. Researchers have found that they can
use nanopores to quickly analyze the structure of DNA. In the 1960s, Boehm
speculated that reducing exfoliated graphite oxide would yield monolayers in
solution [25], although the term graphene was not coined until 1986 [26] and was
formally accepted only in 1994 [27]. A number of early studies, as early as van
Bommel in 1975, found monolayers of carbon in graphitic structures, formed on
various carbide [28] and transition metal [29] surfaces, with SiC [30].

Many methods of removing the oxygen from the graphene oxide (GO) struc-
ture through chemical, [31] thermal, [32] electrochemical [33], or electromag-
netic flash [34], as well as laser-scribe [35] techniques have been successful, but
have generally resulted in inferior samples and are hence more precisely named
reduced graphene oxide (rGO). Nethravathi and Rajamathi described that chem-
ically modified graphene sheets are obtained through solvothermal reduction of
colloidal dispersions of graphite oxide in various solvents. Reduction occurs at rel-
atively low temperatures (120—200 °C). Reaction temperature, the self-generated
pressure in the sealed reaction vessel, and the reducing power of the solvent influ-
ences the extent of reduction of graphite oxide sheets to modified graphene sheets.

Graphene nanocomposites at very low loading show substantial enhancements
in their multifunctional aspects, compared to conventional composites and their
materials. This not only makes the material lighter with simple processing, but
also makes it stronger for various multifunctional applications [36]. Jang and
Zhamu reviewed the processing of graphene nanoplatelets (GNPs) for fabrication
of composite materials [37]. Mack et al. prepared nanocomposites of polyacry-
lonitrile (PAN) nanofibers strengthened by GNP, which they demonstrated to
have improved mechanical qualities [38]. Das et al. [39] employed the nanoinden-
tation technique to the graphene-reinforced nanocomposites fabricated by using
polyvinyl alcohol (PVA) and poly Methyl Methacrylate Monomer (PMMM). The
results showed significant improvement in crystallinity, elastic modulus, and
hardness through the addition of only 0.06 wt% of graphene.

1.4
Nanocomposites of Polyhedral Oligomeric Silsesquioxane (POSS) and Their
Applications

The most common representation of zero-dimensional nanomaterials is poly-
hedral oligomeric silsesquioxane POSS nanoparticles, POSS-based compounds
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are thermally and chemically more stable than siloxanes. Of several struc-
tures of silsesquioxanes (random, ladder, and cage), cage structures contain
eight silicon atoms placed at cube vertices. Cubic structural compounds are
commonly represented based on the number of silicon atoms present in cubic
structure. POSS is unique in the size (1.5 nm in core diameter) when compared
to other nanofillers and can functionally tailor to incorporate a wide range
of reactive groups [40]. POSS containing polymers received good attention
during the last decade as a novel category of nanoscale-structured materials.
Incorporation of bulky POSS particles into linear thermoplastic polymers can
impart better organo-solubility because of the introduction of bulky POSS
pendent group by decreasing the intermolecular forces between the polymer
chains. Fina et al. [41] prepared the maleic anhydride-grafted polypropylene
(PP-g-MA)/POSS hybrids by POSS grafting during a one-step reactive blending
process. Polyamide 12/trisilanolphenyl—-POSS composites were prepared via
melt-compounding. The effect of POSS on crystalline structure and crys-
talline transition of PA 12 were studied and enhanced the tensile strength and
thermal stability of PA 12 [42]. The POSS fractions in the nanocomposites
were tailored by the PA—MI polymer maleimide contents and showed great
influence on the thermal and mechanical properties of the polyamide—POSS
nanocomposites [43]. Synthesis of liquid crystal POSS and specific problems
connected with the nature of silsesquioxane cage, and special properties that
their geometry imparts to their mesogenic behavior of liquid-crystal polyhedral
silsesquioxane materials have been described [44]. POSS monomer (POSS-MA)
was used as a novel dental restorative composites to replace commonly used
dental base monomer 2,2’-bis-[4-(methacryloxypropoxy)-phenyl]-propane (Bis-
GMA) [45]. Amino functionalized silsesquioxane provides curl retention for
hair [46].

Polyfluorenes/POSS nanocrystal NC shows maximum luminescence intensity
and quantum efficiency, which is almost twice as good as those of a Polytetrafluo-
roethylene (PFO EL) device, and is an excellent material for optoelectronic appli-
cations [47]. Castaldo et al. [48] presented polymeric NC sensors, based on a
POSS by selecting a proper matrix such as poly[(propylmethacryl-heptaisobutyl-
POSS)-co-(n-butylmethacrylate)] and a suitable choice of other external home-
made fillers. Polyphenylsilsesquioxane is used as interlayer dielectrics and pro-
tective coatings films for semiconductor devices, liquid crystal display elements,
magnetic recording media, and optical fiber coating.

Poly(aminopropyl silsesquioxane) and specific carbonyl compounds of
silsesquioxane act as an antitumor agent. Silsesquioxane films, particularly OAPS/
imide and OAPS/epoxide films, provide excellent O, barrier properties, and is
an ideal candidate for packaging applications [49]. In Poly Vinyl Chloride (PVC),
POSS behaves as a plasticizer like dioctyl phthalate (DOP) and could be used
as a plasticizer [50]. Metal-containing POSS cages (gallium-containing cage
silsesquioxanes and aluminosilsesquioxane) [51, 52] have been synthesized, for
the use of silica-supported metal catalysts.
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1.5
Zeolites and Composites

Zeolites are a series of crystalline microporous alumino silicates found on the
earth’s surface and in a number of environments, including soils, seafloor deposits,
hydrothermal alteration products, altered volcanic deposits, sediments, and so on
[53]. Zeolites find their application in sorbents, water purification, ion exchange
beds, catalysts, optically active materials, polymerization science, separation tech-
nology, micro-electronics, photoelectrochemical applications in solar cells, thin-
film sensors, and encapsulation of drugs and biomolecules for the targeted or
controlled-release applications [54].

The significant advancements in zeolite synthesis were achieved by the uti-
lization of organic components; specifically, the tremendous growth has been
reported for the siliceous zeolites, and a number of new high-silica zeolites
were successfully crystallized using organic cations with aluminosilicate gels at
100-200°C. Koet al prepared the TiO,/natural zeolite (TiO,/NZ) composite
from sol—gel derived nanotitania colloids and zeolite powder. Under vigorous
magnetic stirring, natural zeolite was mixed with titania sol. The photophysical
properties of zeolites are purely dependent upon the presence of cations in
the zeolite framework and adsorbed water molecules over their surfaces [55].
Since the donor strength of guest molecules affects the absorption band of chro-
mophores of strong electron acceptors, the optical property of chromophores can
be effectively tuned by direct interaction with cations. The electrical properties
of zeolites are associated with the composition and content variation of zeolite,
pore size, and ion exchange capacity [56]. The movement of positive ions into the
pore distribution along the zeolite varies the electrical conductivity. The location
of charge balancing cations in zeolites exhibited excellent magnetic properties,
owing to their unpaired electrons, influenced by the distribution of silicon and
aluminum ions within the aluminosilicate framework [57].

The magnetic interaction of zeolite network depends upon the charged cations
and the distance between the two charged species along the framework. Fuel cell
is one of the most significant and outstanding electrochemical device in which the
role of zeolites as catalysts and fillers in membranes is imperative. Zeolite serves as
a better alternative to porous materials (employed in fuel cells), owing to its unique
advantages including high electrical and thermal conductivity, high chemical and
physical stability, extended surface area and porosity, low cost, and so on. The
higher efficiency obtained is attributed to the lower methanol crossover as well as
the excellent proton conductivity attained through the water up-taking ability of
zeolites [58].

The lower methanol permeability obtained is attributed to the high diffusion
resistance of the membrane achieved by the smaller pore size (0.3 A) and the inor-
ganic nature of zeolites [59]. The improved performance of the anode was achieved
by the higher surface area and porosity of zeolites for bacterial adhesion [60].

Boyas et al., exploited the bifunctional Pt/zeolite (Pt-H-Y) as the catalyst in
the hydrocracking of rapeseed oil. The time consumed by the Pt-H-Y catalyst for
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cracking the rapeseed oil is 3 h, which is lower than that of other catalysts. Zeolite-
based photocatalysts are promising material for the abatement of air and water
pollution by using solar light, photoreduction of CO, by H, O, photo-oxygenation
of saturated hydrocarbons, photosplitting of water into hydrogen and oxygen,
photogeneration of hydrogen peroxide, and other photo processes [61]. Fukahori
et al., synthesized the TiO,/zeolite sheets through papermaking technique and
the prepared material was exploited as the photocatalyst in the degradation of
bisphenol A (BPA). The TiO,/zeolite sheets exhibited a higher efficiency for BPA
removal than that of bare TiO, sheets. The higher efficiency obtained is ascribed
to the reversible adsorption, the free movement of BPA molecules on composite
attained by the cage-like structure, and the pore connectivity of zeolites [62].

1.6
Mesoporous Materials and Their Nanocomposites

Zeolites, the first primitive porous materials, were first discovered in 1756 by
the Swedish scientist Axel Fredrik Cronstedt. Zeolites have aluminosilicate
frameworks, which were synthesized via nonsurfactant-assisted route employing
a single molecule template and having small micropores inside it. Among the
above-mentioned materials, mesoporous materials are of specific importance
due to their high stability, surface areas, and large pore volumes, which make
them the most suitable candidates to be used as adsorbents, ion-exchangers,
catalysts, catalyst supports, and in many other related applications [63].

Mesoporous materials prepared using neutral surfactants as templates possess
improved stability. In case of primary amine (with carbon tail lengths between Cg
and C,g) as templates, the pore size of the final mesoporous silicas can be tuned
by changing the hydrophobic tail length of amines. Preparation of mesoporous
molecular sieves with large framework wall thickness, small particle sizes, and
complementary framework confined and textural mesoporosity. In addition, the
S,I, approach allows for cost reduction by employing less expensive reagents and
mild reaction conditions while providing for the effective and environmentally
benign recovery and recyclability of the template. The basic interest in meso-
porous silica stems from the presence of a well-ordered structure that provides
high surface area and accessibility to molecular species through the channels.
In addition, the possibility of synthesizing different types of mesostructures with
multiple pore architecture further enhances their versatility for different applica-
tions. In 1998, regarding the preparation of large-pore ordered mesoporous silica
with a 2D hexagonal structure, Zhao et al. used triblock copolymers as templates,
which is very famously known as SBA-15 [64].

In 1998, a new family of highly ordered mesoporous silica materials has been
synthesized in an acid medium by the use of nonionic triblock copolymers
(EO,PO,,EO,) with large polyethyleneoxide (PEO) and polypropyleneoxide
(PPO) blocks. Different materials with a diversity of periodic arrangements have
been prepared and denoted as SBA materials (the acronym for Santa Barbara
Amorphous) [65].
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Synthesis of mesoporous metal oxides with high surface area, crystalline frame-
works, and well-connected uniform pores is particularly important to achieve
improved application performances. Similar to that for silica-based mesoporous
materials, the synthesis of mesoporous metal oxides is mainly accomplished
through the soft-templating approach. Ordered mesoporous materials with
different compositions from pure inorganic or pure organic frameworks to
organic—inorganic hybrid frameworks have been widely reported in the past two
decades. For example, mesoporous metal oxides and mixed oxides with semicrys-
talline frameworks, such as TiO,, ZnO, WO, SnO,, and Al,O; are successfully
prepared by a direct synthesis strategy using amphiphilic copolymer templates.
For the synthesis of mesoporous metal oxides by this structure replication
procedure, a precursor compound, typically a metal salt, is filled into the pores of
the silica matrix. The precursor compound is then converted into the metal oxide
by thermal decomposition, sometimes preceded by a pH-induced conversion
into an intermediate phase (such as a hydroxide species). Mesoporous carbon
has been used as a potential matrix for the immobilization of biomolecules [66].
The widespread applications of porous carbons are attributed to their remark-
able physicochemical properties, including hydrophobicity of their surfaces,
high corrosion resistance, good thermal stability, high surface area, large pore
volume, good mechanical stability, easy handling, and low cost of manufacture.
Introduction of organic moieties within the silicate framework increases the
flexibility of mesoporous films and fibers and reduces the brittleness of monoliths.
Organic/inorganic hybrid materials are important because they can be designed at
a molecular level to perform many processes including catalysis, adsorption, sep-
aration, drug delivery, and sensing. Mesoporous silica has a large surface area and
alot of constrained space in the form of nanochannels. Polymers grown within the
constrained space of periodic mesoporous silica may exhibit unusual mechanical,
electronic, magnetic, and optical properties. The spatial control of the growth
process is limited by the channel network of the silica host, which allows the
fabrication of materials with designed shapes, particularly nanofibers, wires, and
porous particles. Mesoporous silica/polymer nanocomposites are synthesized
with extrusion polymerization and are found with special properties [67]. The rea-
son is that the nanoreactor gives space constraints on polymer chains when they
grow inside the nanochannels. For example, polyethylene made with this method
had ultrahigh molecular weight, high melting temperature, and only extended
chain crystals rather than folded chain crystals because of the space constraint
which controlled the formation of crystals. Mesoporous silica/polymer nanocom-
posites can also be made through entrapping polymers in the nanochannels of
mesoporous silica through the hydrogen bonding between the silanol groups on
the silica surface and the groups in the polymer chain. Mesoporous materials
thus provide improved delivery systems for biomolecules, which have local and
sustained release over time, while simultaneously protecting the biopharmaceu-
tical agent from degradation. These delivery systems maintain the concentration
of drugs in the precise sites of the body within optimum range and under the
toxicity threshold, improve the therapeutic efficacy, and reduce toxicity [68].
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1.7
Bio-Based Nanomaterials and Their Bio-Nanocomposites

Bio-based nanocomposites are composite materials that are made of particles
from renewable natural sources and are in the range of 1-100 nm in size. These
bio-based nanomaterials such as building blocks, particles, fiber, and resin, are
combined to engineer a new material with enhanced properties. These new
immerging “nano-—bio” materials comprise exotic, dynamic, and fascinating
features that make them smart futuristic biodegradable material. Cellulose is the
most abundant polymer available in nature, after which comes hemicelluloses
followed by lignin. This motivates scientists to discover new possibilities for
biological materials in the rapidly expanding field of nanotechnology. Lignin has
many different applications, including its use as a composite material. Hemi-
cellulose has already been used for food applications but there are possibilities
for new polymer production. Likewise, many researchers have also prepared
nanoparticles using other natural compounds such as chitosan, dextran, gelatin,
alginate, albumin, and starch [69—-74].

The cellulose nanocrystals (CNCs) are rod-like or whisker-shaped particles
with transverse dimensions as small as 3-30nm, providing a high surface
to volume ratio, also called cellulose nanowhiskers (CNWs). These particles
have also been named nanocrystalline cellulose, cellulose whiskers, cellulose
nanowhiskers, and cellulose microcrystals. Nanocellulose composites offer new
possibilities for unaccountable applications in day-to-day life. Unlike cellulose,
nanostructured cellulose provides a large variety of options for Chemistry and
engineering for many material applications. Fundamental domain structures with
high intrinsic strength, high melting temperature, directional rigidity, and ease
of chemical modification can provide high reinforcement and scaffolding in the
formation of nanocomposites [75, 76].

Chitin (CgH,;305N),, is one of the widely available natural polymers on earth
and functions naturally as a structural polysaccharide similar to the cellulose in
plants and collagen in animals. Chitin and Chitosan (CS) and their derivatives
are highly eco-friendly and nontoxic and nonallergic. They also possess good
biodegradability, bioactivity, biocompatibility, coating ability, and good misci-
bility. Because of their nonantigenic properties, they are highly compatible with
animal as well as plant tissues. Chitin/chitosan has been studied as a natural
cationic biopolymer because of its excellent biocompatibility, biodegradability,
nontoxicity, antimicrobial capability, and stimulation of wound healing [77]. Both
chitin and chitosan materials have found applications as components in different
products and processes [78, 79].

The hydrophilic nature of starch is a major constraint that seriously limits
the development of starch-based nanoparticles [80]. A good alternative to solve
this problem is the grafting of hydrophobic side chains to the hydrophilic starch
backbone [81]. Various synthetic methods for synthesis of starch nanoparticles
such as high-pressure homogenization and miniemulsion cross-linking, precip-
itation/nanoprecipitation [82] emulsion [83, 84], and microemulsion [85] have
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been explored by researchers. Ma et al. [86] have prepared starch nanoparticles
by precipitating a starch solution within ethanol as the precipitant. Spherical or
oval-shaped nanoparticles (diameters in the range of 10—20 nm) were prepared
by the starch—butanol complex precipitation method [87].

Thus, starch bio-nanocomposites are of much academic as well as industrial
interest. Most work has been oriented toward the use of new environmentally
friendly polymers with starch nanocomposites such as natural rubber [88], water-
borne polyurethane [89], waxy maize starch [90], cassava starch [91], pullulan [92],
Poly Lactic Acid (PLA) [93], PVA [94], and soy protein isolate (SPI) [95].

1.8
Metal-Organic Frameworks (MOFs) and Their Composites

Metal—organic frameworks (MOFs) represent a class of crystalline and highly
porous hybrid materials obtained by the assembly of metallic ions and organic
ligands. MOFs exhibit interesting properties for gas separation, gas storage,
and drug delivery and could also be used as sensors. Synthetic polymer—MOF
composite membranes have been investigated using a polyimide (Matrimid)
and a polysulfone polymer as the matrix. Composite membranes of MOF-5 and
ZIF-8 (Zeolitic Imidazolate Framework) with Matrimid were prepared by the
solution blending approach [96, 97]. Better quality composite membranes were
formed by pretreatment of the MOF crystals with the silylating agent N-methyl-
N-(trimethylsilyl)trifluoroacetamide. In a similar study, ZIF-8-polysulfone
membranes were also obtained by the solution blending approach. The CO,
diffusion properties of the composite membranes were studied, and the ZIF-8
crystals were shown to improve the transport of the gas through the membrane.

The monodisperse MOF-silica composites were tested as the High-
Performance Liquid Chromatography (HPLC) stationary phase and showed
good separation properties. In another report [98], silica and SiO,/Al,O,
composite beads were used. Two methods were employed: formation under
solvothermal conditions and immersion of the beads into preheated crystal-
lization solutions. Recently opened new possibilities of applications are MOFs
[99]. Yaghi and Li [100] were the first to describe the synthesis and properties
of MOFs. In recent years, it has been shown that a large variety of 2D and
3D metal-organic networks with high porosity, unusual ion exchange, and
adsorptive properties can be designed using intermolecular interactions and
metal —ligand co-ordination [101].

The intercalation of graphene in MOF imparts new electrical properties such
as photoelectric transport in the otherwise insulating MOF. The results point
to the possibility of using functionalized graphene to synthesize a wide range of
structural motifs in MOF with adjustable metrics and properties. Many research
efforts have focused on these issues and the deposition of MOF on various
supports such as alumina, silica, functionalized self-assembled monolayer
(SAM), functionalized graphite, graphite oxide (GO), or amorphous carbon
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have been recently reported as a way to produce MOF-based membranes or
composites. The porosity of the hybrid materials is in the range of that of the
MOF; however, a slight decrease is found (except for MGr5) due to the addition
of low- or nonporous graphite.

The results indicate that the oxidation of graphite is important to build
MOF/graphite hybrid materials with synergistic properties. The presence of
functional groups on the substrate’s surface enables the formation of bonds
between the components and thus the composites can be formed. The results
suggest that MOF/graphite hybrid materials represent a distorted physical
mixture of MOF and graphite. Besides the chemical features of the graphite, the
physical parameters, and especially the porosity and size of flakes, also seem to
influence the formation of the hybrid materials. Most MOF materials still show
relatively low CO, and CH, uptakes. To enhance CO, and CH, adsorption, it is
imperative to develop new materials such as covalent organic frameworks (COFs)
or to modify MOFs by using postsynthetic approaches.

One of the modification approaches is incorporation of CNTs into MOFs
in order to achieve enhanced composite performance, because of the unusual
mechanical and hydrophobicity properties of CN'Ts. Another approach is doping
MOFs or COFs with electropositive metals. Recent studies indicate that the
surface carboxylate functional groups of a substrate could act as nucleation sites
to form MOFs by heterogeneous nucleation and crystal growth. MOFs have been
evaluated as promising H, storage media as MOFs exhibit exceptionally high
surface areas and tunable pore size. An additional advantage of MOFs is that
preparation is economic as MOFs are synthesized by “one-pot” solvothermal
methods under mild conditions. The large surface areas, low framework densities
and high pore volumes of MOFs compared to other porous matrices have moti-
vated a great deal of interest in these materials, which have significant potential
for use in a variety of applications ranging from storage of gases to application in
heterogeneous catalysis [102—104].

In particular, externally accessible nanosized cavities and channels allow for
the incorporation of substrates inside the crystal to facilitate the heterogeneous
catalytic action of these MOFs. In the past decade, MOFs have received much
attention due to potentially useful properties. As a new type of functional mate-
rials, the exceptionally high crystallinity and designability of MOFs can also open
the door for investigation of the mechanism as well as for the functional regula-
tion of proton conductivity. In general, some specific physicochemical properties
of MOFs are controlled and modified by the judicious selection of organic ligands
and metal centers. In conclusion, micropore- and mesopore-integrated materials
have been synthesized by using mesoporous silica and MOF. The composites were
composed of nano-CuBTC (Copper Benzene 1,3,5 tricarboxylic acid) crystals and
mesoporous silica, and the ratio of micropore/mesopore volume can be tuned by
controlling the initial concentration of the reaction solution of CuBTC. Under syn-
thesis in low-concentration solution of CuBTC, the obtained composites showed
higher adsorption uptake than the estimated uptake of MOF —mesoporous silica
mixture showing the retention nature of micro- and mesoporous materials and
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formation of additional pore spaces that should be from the space between the
nano-CuBTC crystals.

The MOFs are a class of the nanoporous materials. MOFs are most attractive for
their high capacity for hydrogen absorption and storage, capture and separation
of gases, and for applications in catalysis.

1.9
Modeling Methods for Modulus of Polymer/Carbon Nanotube (CNT) Nanocomposites

The CNT-reinforced nanocomposites are applied in a wide range of aerospace
structures, automotive components, sporting goods, conducting plastics, electro-
magnetic interference shielding, optical barriers, biomaterial devices, and differ-
ent sensors [105]. The mechanical properties of polymer nanocomposites depend
on many parameters such as aspect ratio (), alignment, waviness, dispersion, and
agglomeration of nanoparticles as well as on the interaction between polymers and
nanofillers [106—110].

The mechanical properties can be predicted by various computer modeling
methods at large scales of length and time from molecular, microscale to
macroscale, and their combination as multiscale techniques. Molecular modeling
is a powerful instrument to study the atomic structure and interaction at the
nanometer scale [111]. This approach assumes a noncontinuous organization of
material wherein its discrete nature often limits the length and time scales. The
commonly used techniques of molecular modeling for mechanical properties of
polymer/CNT nanocomposites are molecular dynamics (MDs) and molecular
mechanics (MMs) [112]. Molecular dynamics is the most widely used mod-
eling technique that allows the accurate prediction of an interaction between
constituent phases at the atomic size [113].

Griebel and Hamaekers [114] have shown an excellent agreement between MD
results with rule of mixtures and extended rule of mixtures models for extremely
long and short CNTs. The MD simulation of polystyrene (PS)/CNT nanocom-
posites exhibited that the ion beam deposition modification produces many
cross-links between CNT and polymer chains which reinforce the nanocom-
posites [115]. The optimum condition for this sample was observed in high ion
energy and compact structure. Using molecular mechanics simulation, Mokashi
et al. [116] found that the length of CNTs and the configuration of polyethylene
(PE) play an important role in the tensile properties of nanocomposites. The
crystalline PE caused a moderate improvement by long CNT, while the short
CNT caused a significant reduction in the modulus of amorphous PE resulted
from a poor load transfer at the interface.

Huang et al. [117] considered the 3D end effects of SWCNT by introduction
of a length factor. Their model can be applied for a CNT loading between 0 and
5vol%, while the Finite element method (FEM) model is suitable for a CNT con-
tent about 5vol% [118]. Song and Youn [119] also used the asymptotic expansion
homogenization method to perform both localization and homogenization for a
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heterogeneous system. They found a good agreement between the numerically
and the analytically calculated elastic moduli.

The calculated modulus by M-T for PET/SWCNT (Poly ethylene teriphtalate)
nanocomposites [120] has been higher than the experimental results. Ogasawara
et al. [121] also studied the effect of 3D random orientation and entangled
distribution of CNTs in polyimide/MWCNT nanocomposites, conducted based
on the Eshelby—Mori—Tanaka theory. Coleman et al. [122] stated that the
substantial increment of modulus in polymer/CNT nanocomposites is attributed
to the formation of an ordered polymer layer around the CNT. The nucleation
of this layer increases the crystallinity of polymer, which improves the stiffness
of nanocomposites. Guzman de Villoria and Miravete [123] also introduced a
new micromechanics model called the dilute suspension of clusters taking into
account the influence of inhomogeneous dispersion of nanofillers in nanocom-
posites. The proposed model significantly improved the theoretical — experimental
relationship for epoxy/clustered CN'T nanocomposites.

Fisher et al. [124] studied the effect of the wavelength ratio of the CNT on the
modulus assuming the minimal CNT waviness distribution (0 <w < 1) and the
more moderate waviness (0 < w < 1). Bradshaw et al. [125] also predicted the effec-
tive modulus of nanocomposites containing aligned or randomly oriented CN'T.
Furthermore, Shao et al. [126] proposed a model to calculate the effect of CNT
curvature and interfacial bonding on the effective modulus of nanocomposites.
They found that the modulus is very sensitive to waviness and this sensitivity falls
with the enhancement of waviness.

1.10
Nanocomposites Based on Cellulose, Hemicelluloses, and Lignin

Cellulose is considered to be the most ubiquitous and abundant biopolymer on
the planet, which has been used for many centuries as a construction material, in
the forest products, as natural textile fibers, as paper and boards, and so on. Cellu-
lose is defined as a linear p-1,4-linked homopolymer of anhydroglucose or, more
recently as a homopolymer of anhydrocellobiose [127]. The intramolecular hydro-
gen bonds are responsible for the stiffness of the chain and stabilize the twofold
helix conformation of crystalline cellulose [128]. The intermolecular hydrogen
bonding in cellulose is responsible for the sheet-like nature of native cellulose.
The term cellulose nanoparticles generally refers to cellulosic particles having at
least one dimension in the nanometer range [129]. On the basis of the cellulosic
source and the processing conditions, cellulose nanoparticles (CNs) may be classi-
fied into three main subcategories, as nanofibrillated cellulose (NFC), CNCs, and
bacterial nanocellulose (BNC).

Generally, the main extraction processes in the preparation of CNs are
mechanical treatment and acid hydrolysis. Mechanical processes can be divided
into high-pressure homogenization and refining [130], microfluidization [131],
grinding [132], cryocrushing [133], and high-intensity ultrasonication [134].

13
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In recent years, CNs-based nanocomposites have been extensively used in
different areas such as food packaging materials, [135], optical, light-responsive
composites and other electronic devices [136], as well as in advanced composites
manufacturing [137], printing and paper industry, and pharmaceutical and medi-
cal applications [138]. As biomedical application, the CNs-based nanocomposites
are used as scaffolds in artificial ligaments or tendon substitutes, due to their
excellent cytocompatibility [139].

Hemicelluloses represent an important renewable resource of biopolymers, but
their utilization for the achievement of new materials is rather limited. Moreover,
the procurement of hemicelluloses in their pure form is still challenging. These
constitute about 20-30% of the total mass of annual and perennial plants and
have a heterogeneous composition of various sugar units classified as xylans
(p-1,4-linked D-xylose units), mannans (p-1,4-linked D-mannose units), arabinans
(a-1,5-linked L-arabinose units), and galactans (p-1,3-linked D-galactose units)
[140]. Wide variations in hemicelluloses content and chemical structure can
occur depending on the biomass type, that is, maize stems (28.0%), barley straw
(34.9%), wheat straw (38.8%), and rye straw (36.9%) [141] or on the components
of an individual plant, that is, stem, branches, roots, and bark [142].

Considerable interest has been directed to hemicelluloses-based biomaterials
due to their nontoxicity, bio-based origin, bioactivity, biocompatibility, and oxy-
gen barrier properties, which give them potential in numerous applications, such
as drug delivery, tissue engineering, and food packaging. Among these research
activities, hemicellulose-based films have received ever-increasing interest as
oxygen barrier films, but suffer from low film-forming ability and mechanical
performance. An effective and simple method to produce hemicelluloses-based
nanocomposite film of high quality was proposed by Peng et al. [143] who
incorporated cellulose nanofibers (CNFs) into xylan (XH) films in the presence
of plasticizers. The sugar composition (relative weight percent) by the sugar
analysis is: 89.38% xylose, 5.75% arabinose, 1.87% glucose, 0.66% galactose, 1.78%
glucuronic acid, and 0.55% galacturonic acid.

The freeze—thaw technique was used by Guan et al. [144] to prepare a novel
hybrid hydrogel from hemicelluloses extracted from bamboo (Phyllostachys
pubescens) holocellulose, PVA, and chitin nanowhiskers. Lignin, the main
aromatic component of vegetable biomass, presents a special interest both due
to its vast reserves, which are still less valorized, as well as due to its active role in
the complex process of organic material formation and conversion in biosphere.

Several studies revealed that similar functional groups are found in all types of
lignin [145]. Thus, softwood lignin contains guaiacyl propane units that include
a methoxy group bonded to the third carbon atom of the aromatic ring, while
hardwood lignin has guaiacyl propane units and syringyl propane units.

The main advantage of the hydroxymethylated lignin is its high content
of hydroxyl groups, which allows for its use as a phenol substitute in phe-
nol formaldehyde resin synthesis [146], composites, biocides systems, and
bioremediation [147].
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Nevérez et al. [148] prepared biopolymer nanocomposite films by vapor-
induced phase separation at controlled temperatures (35-55°C) and relative
humidity, RH (10—70%) using lignin as a filler and cellulose triacetate (CTA)
as a polymer matrix. Lin et al. [149] showed that enzyme-hydrolyzed lignin
content affected the structure and properties of the PANI-lignin (Polyanilene)

nanocomposites.
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Chemistry of Nanoscience and Technology
Aftab Aslam Parwaz Khan, Anish Khan, and Abdullah M. Asiri

2.1
Introduction

Nanotechnology is science, engineering, and technology conducted at the
nanoscale, which is in the range of about 1-100nm. In chemistry, this range of
size has historically been associated with colloids, micelles, polymer molecules,
phase-separated regions in block copolymers, and similar structures typically,
very large molecules or aggregates of many molecules. More recently, structures
such as buckytubes, silicon nanorods, and compound semiconductor quan-
tum dots have emerged as particularly interesting classes of nanostructures.
Nanoscience and nanotechnology are the study and application of extremely
small things and can be used across all the other science fields, such as chemistry,
biology, physics, materials science, and engineering. This chemistry is used as
in nano to micro scale and in macro to mega scale and the material chemistry
to obtain nanomaterials with specific sizes, shapes, surface properties, defects,
self-assembly properties, designed to accomplish specific functions [1]. The
nanotechnology that is already with us is that of microelectronics (where clever
engineers have already shown how to extend existing methods for making
microelectronic devices to new systems with sub-70-nm wires and components)
[2], materials science (where many of the properties of polymers, metals, and
ceramics are determined by 1-100 nm structures) [3—5], and chemistry (where
nanometer-scale drugs are routinely used to control proteins and signaling
complexes, and where macromolecules have dimensions of many nanometers)
[6, 7]. These technologies are “evolutionary nano” (Figure 2.1) [8, 9].

The nanotechnology whose form and importance is yet undefined is “revolu-
tionary nano”; that is, technologies emerging from new nanostructured materials,
from the electronic properties of quantum dots, and from fundamentally new
types of architectures based on nanodevices for use in computation and infor-
mation storage and transmission. Nanosystems that use or mimic biology are
also highly interesting. There is no doubt that revolutionary nanoscience exists
in the laboratories of universities now, and that new forms of nanotechnology
will be important; it is just not clear at the moment how much of this exciting,

Nanomaterials and Nanocomposites: Zero- to Three-Dimensional Materials and Their Composites,
First Edition. Edited by Visakh P.M. and Maria José Martinez Morlanes.
© 2016 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2016 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 2.1 Space-filling molecular models of penicillin (a) and lovastatin (b) [8, 9].

revolutionary science will migrate into new technology, and how rapidly this
migration will occur. The history of technology suggests, however, that where
there is smoke, there will eventually be fire; that is, where there is enough new
science, important new technologies will eventually emerge.

It should be bracing to chemists to realize that chemistry is already playing a
leading role in nanotechnology. In a sense, chemistry is (and has always been)
the ultimate nanotechnology: Chemists make new forms of matter (and they are
really the only scientists to do so routinely) by joining atoms and groups of atoms
together with bonds. They carry out this sub-nanometer scale activity chemical
synthesis on megaton scales when necessary, and do so with remarkable econ-
omy and safety. Although the initial interest in nanotechnology centered predomi-
nantly on nanoelectronics, and on fanciful visions of the futurists, the first new and
potentially commercial technologies to emerge from revolutionary nanoscience
seem, in fact, to be in materials science; and materials are usually the products of
chemical processes.

Some description follow below.

2.2
Nano

Nano is short form for nanotechnology, and the word itself just means very, very
small. Nanotechnology, or more accurately nanotechnologies describe the many
ways that scientists can now work with the actual molecules and atoms that make
up our world. The study of assembling, controlling, or/and manipulating matter
on the molecular or atomic size is called Nanotechnology in brief known as Nano
[8-10]. Very commonly, nanotechnology is the study of material of size lesser
than 100 nm or smaller in one dimension at least, which comprises constructing
devices or materials of that size [11]. Nanotechnology is an extensively wide phe-
nomenon starting from classical device-physics to foremost new methodologies
based upon self-assembly of molecules, evolving materials with nanodimensions,
and investigation of methods that can directly control matter on an atomic scale.



2.2 Nano

Nano-(symbol n) as a prefix means 10, denoting a factor in the metric system.
This is a derivative of the Greek word vivog, meaning dwarf, and has been officially
established as a standard in 1960. In 1965, Gordon Moore, head of Intel Corpora-
tion, predicted that the number of transistors that could be fitted in a given area
would be double in number for every one and half years in the next decade [12].
This came to be a reality and this phenomenon is popularly known as Moore’s
Law. To this day, the phenomenon according to the above law has continued for
the past decade. We have witnessed the fact that there is a significant increase in
housing the transistors from a couple of thousand transistors in 4004 processors
in the year 1971 to over 700,000 transistors in the Core-2-duo computer mother
board. It is noted that there has been a significant decrease in the size of individual
electronic elements in modern circuitry, going from millimeters to nanometers. At
the same time, the chemistry, biochemistry, and molecular genetics communities
are moving in the same direction with the same pace (Figure 2.2).

In the beginning of a new digital era, different powerful technologies have
approached the nanoscale technology with the promise of transforming
both the fields of biology and electronics. This upcoming field of molecular
bio-nanotechnology opens new avenues from basic research in bio-physics
and molecular-biology to biosensing, biolabeling, bioinformatics, pharma and
medicine, genomics, information storage and energy conversion applications, and
also in computing [13-18]. We refer to a talk given by physicist Richard Feynman,
a Noble laureate at an American physical society meeting on 29 December 1959,
“There is plenty of room at the bottom,” [19]. The term “nanotechnology” was
first defined by a well-known scientist “Norio Taniguchi” of Science University,
Tokyo, in a 1974 paper. In the early 1980s, the research of nanotechnology was
stochastic than deterministic. A nanoscale phenomenon was up-held by Dr. K.
Eric Drexler for precise handling of individual atoms and molecules theoretically

23

Water Glucose Antibody Virus Bacteria Cancer cell A period Tennis ball

Nanodevices:
Nanopores, dendrimers, nanotubes,
quantum dots, and nanoshels

Figure 2.2 Nanometric scale.
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[20, 21]. Academic knowledge of nanotechnology in life was given by R. Jones in
a book published; “Soft Machines” (nanotechnology and life) [22]. The concept
of DNA nanotechnology was invented by a crystallographer, Seeman, in 1980,
who demonstrated that a three-dimensional DNA lattice could be used to orient
target molecules. In1991, Seeman’s laboratory published the synthesis of a DNA
cube, the first three-dimensional nanoscale object, for which he was awarded
the Feynman Prize in Nanotechnology in 1995 [23]. Although nanotechnology
has wonderful future applications, at the other end it raises many issues as is
expected in the case of an introduction of any new technology, which includes
concern about the toxic impact of nanoresidues on the environment, and their
global-economic effects, which predicted many doomsday scenarios. These
created apprehensions for the governments and the intellectuals to debate on the
necessity of bringing a special regulation for nanotechnology [24].

23
Nanomaterials

Materials having one or more dimensions in the range of 100 nm or less may be
classified as nanomaterials. The physical and chemical properties of such materi-
als are expected to differ measurably than those of the bulk materials. Figure 2.3
shows some basic nanomaterials available in different morphological forms. The
study of nanomaterials envisages the field in which a materials science-based

Figure 2.3 Basic morphological forms of nanomaterials.



2.4 Quantum Materials

approach to nanotechnology can be undertaken. It covers the study of materials
with morphological features on the nanoscale, especially those materials that
have special properties stemming from their nanoscale dimensions. Although,
nanoscale is usually defined as smaller than 1/10 of a micrometer in at least one
dimension, this term is also used for materials smaller than 1 pm. An important
aspect of nanomaterials is the vast increase in the surface area to volume ratio,
which incorporates the possibilities of new quantum mechanical effects on such
materials. One of the examples of “quantum size effect” is the change in the elec-
tronic properties of solids due to the large reduction in particle size. This effect
does not come into play by going from macro to micro dimensions but becomes
extremely pronounced when the materials reach the nanometer size range.
Typically, stable substances can become highly reactive and unstable when the
particles become infinitesimal due to their extremely high surface to mass ratio. A
series of quantum confinement effects arise that significantly change the way the
particles display their behavior such as electrical conductivity, specific heat, band
gap, and the wavelengths of light emitted by them. A certain number of physical
properties also alter with the change from macroscopic systems to the nano
range. Novel mechanical properties of nanomaterials are a subject of research in
the field of nanomechanics. Novel catalytic activities were also revealed especially
in the interactions and manipulations of biomaterials. Nanoparticles are of
great scientific interest as they are effectively a bridge between bulk materials
and atoms or molecules. In principle, physical properties of bulk materials are
size-independent but deviation occurs when the size reaches to nanoparticles
exhibiting a number of special properties relative to bulk material. For example,
the bending of bulk copper (wire, ribbon, etc.) occurs with the movement of
copper atoms/clusters at about the 50 nm scale. Copper nanoparticles smaller
than 50 nm are considered super hard materials that do not exhibit the same
malleability and ductility as does bulk copper. The change in properties is not
always desirable. Ferroelectric materials smaller than 10nm can switch their
magnetization direction using room temperature thermal energy, thus making
them useless for memory storage. Nanoparticles often have unexpected visual
properties because they are small enough to confine their electrons and produce
quantum effects. For example, gold nanoparticles appear deep red to black in
solution. Nanoparticles or nanocrystals made up of metals, semiconductors, or
oxides are of particular interest for their mechanical, electrical, magnetic, optical,
chemical, and several other properties and they have been used as quantum dots,
as chemical catalysts, and so on.

24
Quantum Materials

The most important areas of physics to modify are the physical properties. Quan-
tum materials includes as high-temperature superconductivity, the quantum
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effect, quantum magnetism for combination with tunable external electric
and magnetic fields through self-assembling or lithographic processes. The
physical properties of these systems are governed by size quantization effects
and energy levels controlled by the Coulomb blockade. An important feature
of quantum materials is that it is probable to also influence the spins of the
system, which directly relate the quantum materials to the strongly developing
field of spintronic. In quantum materials, not only the electronic properties
but also the dispersion of the photons and the phonons will be quantized thus
that, respectively, confined electromagnetic optical modes or confined optical
and acoustic phonons can be studied. In addition, the high quality of man-
made quantum dots also allows one to study the influence of size quantization
on the crystal morphology and the formation of bulk, interface, and surface
states.

One of the most important aspects of quantum materials is superconductivity.
Superconductivity is a quantum mechanical phenomenon. Thus, the phenomenon
in which the electrical resistance of a substance drops suddenly to zero when it
is cooled to a sufficiently low temperature is known as superconductivity. The
temperature at which a specimen becomes a superconductor is called as transi-
tion temperature or critical temperature. It was discovered by Onnes in the year
1911. They studied mercury, which shows superconductivity at 4 K. Until now,
infinite number of researches have been done on nonorganic superconductors and
currently, scientists have developed various cuprates superconductors having Tc
upto 140 K.

241
Classification of Superconductor

The most common superconductors are discussed in the following text.

2411
Response to a Magnetic Field

Type | Superconductors A type I superconductor consists of basic conductive ele-
ments that are used in everything from electrical wiring to computer microchips.
Type I superconductors have T s between 0.000325 and 7.8 °K at standard pres-
sure. Some other examples of type I include Mercury —4.15°K, Lead —7.2°K,
Aluminum —1.175°K, and Zinc —0.85 °K. Roughly, half of the elements in the
periodic table are known to be superconductive.

Type Il Superconductors A type II superconductor consists of metallic com-
pounds such as copper or lead. The highest 7', reached at standard pressure is
135°K or —138°C by a compound (HgBa,Ca,Cu;Og) that falls into a group of
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superconductors known as cuprate perovskites. Type II means it has two critical
fields, between which it allows partial penetration of the magnetic field.

24.1.2

By Theory of Operation

It is conventional if it can be explained by the BCS theory or its derivatives, or
unconventional, otherwise.

2413

By Critical Temperature

A superconductor is generally considered high temperature if it reaches a
superconducting state when cooled using liquid nitrogen — that is, at only
T.>77K) —or low temperature if more aggressive cooling techniques are
required to reach its critical temperature.

2414

By Material

Superconductor material classes include chemical elements (e.g., mercury or
lead), alloys (such as niobium-titanium, germanium-niobium, and niobium
nitride), ceramics (Yttrium barium copper oxide (YBCO) and magnesium
diboride), or organic superconductors (fullerenes and carbon nanotubes (CNTs);
though these examples should be included among the chemical elements, as they
are composed entirely of carbon). Here, organic superconductor by materials has
been explained in detail. An organic superconductor is an organic compound that
exhibits superconductivity at low temperatures. The first organic superconductor,
tetramethyltetraselenafulvalene (TMTSF) 2PF6 was synthesized by Klaus Bech-
gaard in 1980 [25]. Here, TMTSF serves as the electron donor and PF6- serves as
the electron acceptor. This discovery led to the creation of a wide range of related
organic compounds, known as Bechgaard salts, which exhibit a vast array of
unique properties. Following a 1964 paper by Little [26], it was hoped that organic
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conductors such as Bechgaard salts would be high temperature superconductors,
even superconducting at room temperature. However, Bechgaard salts have
many other properties that make them very interesting subjects of research. For
example, by varying both temperature and pressure, Bechgaard salts can be forced
into almost any phase known to condensed matter physicists. Also, because Bech-
gaard salts are structurally so different from metallic superconductors, it seems
that the standard explanation for superconductivity given by the BCS theory of
Bardeen, Cooper, and Schrieffer does not apply very well, and as a result there is a
lot of work to be done to understand the mechanism behind superconductivity in
these materials. Various organic superconductors with their critical temperature
are (TMTSF)2PF6-1.1K,(TMTSF)2ClO4-1.4K,(BEDT-TTF)214-3.3K,k-(BEDT-
TTE)2Cu[N(CN)2]Br-11.6K,p'(BEDT-TTE)2ICI2-14.2K k- (ET)2Cu[N(CN)2]Cl-
13.1K,RbCs2C60-33K.

Right now, the highest achieved critical temperature for an organic super-
conductor at ambient pressure is 33 K, observed in the alkali-doped fullerene
RbCs2C60.

2415

Fullerene

Among the different new materials with high-temperature superconductivity,
fullerene compounds play a significant part. Fullerene is a family of carbon
allotropes and was discovered in 1985 by Richard Buckminster Fuller. One of
the most significant properties of fullerenes is superconductivity, mainly found
in C60.

Apart from the copper oxide superconductor, C60 has the highest supercon-
ductivity at ambient pressure 52K for the highly doped fullerene. Fullerenes is
exhibit type 2 and an interesting superconductivity phenomena has been observed
in CNTs, but not in the larger common fullerene C70 and C84. Fullerene is a three-
dimensional system; actually it is an insulator with a band gap of 1.7 eV, but on
doping with alkali metals [27] produces superconductivity with critical tempera-
tures up to 40 K. The general formula for these superconductors is A3C60 where
A is an alkali metal. Superconductivity has also been observed in single-walled
nanotubes with critical temperatures up to 15 K. The highest measured transi-
tion temperature up to 1995 for an organic superconductor in Cs3C60 pressurized
with 15 kbar to be T', = 40 K. Until now, the highest critical temperatures observed
in organic superconductor in fullerene is via a technique employing a field effect
transistor to introduce charge or hole. Hole-doped fullerenes exhibit higher criti-
cal temperature than electron-doped fullerenes [28]. Recently, Schon ez al. found a
hole-doped C60 superconducting system C60/CHBr3, which exhibited very high
critical temperature 7. =117 K at ambient pressure. It is the greatest 7', for an
organic superconductor that has been achieved with a buckyball doped with holes
and intercalated with CHBr3 [29]. Field-effect doping exploits the fact that under
a strong, static electric field, charge (electrons or holes) will accumulate at the sur-
face of the material, effectively modifying the electronic density in that region. This
type of doping avoids imperfections that cause the system to deviate locally [30].
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Forces and Bonding of Nanomaterials

Revealing the chemical bonding and the reorganization of the chemical bonds
of any molecular system forms the undisputed foundation of chemistry.
Chemical interactions between a protein and a drug, or a catalyst and its
substrate, self-assembly of a nanomaterials [31], and also many chemical
reactions [32] are dominated by noncovalent interactions, such as hydrogen
bonding and metal-ligand coordination, as well as n—=n stacking, hydrophobic,
ionic, van der Waals forces and London dispersion [33]. The introduction
of molecular recognition motifs into these building blocks, such as hydro-
gen bonding, m—7n stacking, electrostatic interactions, and metal-ligand
bonds, offers an easy way to access well-defined arrays with novel photo-
and electronic properties [34—39]. In this chapter, we summarize our stud-
ies on self-assembly systems conducted in the past few years, and focus on
the design and properties of the functional assembly systems. As a matter
of fact, in the construction of supramolecular systems, many kinds of weak
interactions cooperate and coordinate to give rise to subtle structures. Usu-
ally, we focus on the leading interaction,as in hydrogen-bonding assemblies
n—n stacking, hydrophilic and hydrophobic and metal-ligand interactions.
And in the last part of the chapter, novel methods for construction of zero-
dimensional, one-dimensional, and two-dimensional nanoscale structures are
discussed.

2.5.1
Hydrogen-Bonding Assemblies

A hydrogen bond is an attractive force between the hydrogen attached to an
electronegative atom of one molecule and an electronegative atom of a different
molecule. Usually, the electronegative atom is oxygen, nitrogen, or fluorine, which
has a partial negative charge. A hydrogen bond arises between the donor covalent
pair D—H in which a hydrogen atom H is bound to a more electronegative atom
D (donor) and another noncovalently bonded nearest neighbor electronegative
(acceptor) atom A. Hydrogen bonds play a crucial role in determining the
structure of water, the folding of proteins, the pairing of base in DNA, and so
on. An important aspect of hydrogen bonds is that they are highly directional.
The strongest hydrogen bonds are those in which the donor, hydrogen, and the
acceptor atoms are collinear. Hydrogen bonding, has been reported for the design
of various molecular assemblies [40—43]. Nanosized aggregates should be very
useful for the development of novel functional materials and nanoelectronic
devices. Meanwhile, energy- and electron-transfer processes have also been
investigated in the assembled supramolecular systems, through the interaction
of hydrogen bonds [44, 45]. Hydrogen bonding is one of the most promising
methods to fabricate a controllable molecular array and shape for efficient
intermolecular energy and electron transfer between donor and acceptor units

29



30

2 Chemistry of Nanoscience and Technology

[46, 47]. Fullerene has low reorganization energy in electron processes, which
leads to a significant acceleration of the charge-separation step and effective
deceleration of the energy-wasting charge-recombination step [48-53], and
is thereforea promising candidate in applications as excellent photoelectric
materials. As mentioned above, hydrogen bonds provide an efficient way to
build molecular arrays with efficient intermolecular energy and electron transfer
between donor and acceptor units. Much effort has been put into designing the
self-assemblies of fullerene derivatives by hydrogen bonds into zero-, one-, and
three-dimensional supramolecular architectures. Guldi [54] and Hummelen [55]
reported, respectively, the synthesis and photophysical properties of the first
quadruple hydrogen-bonded fullerene dimer. Soon thereafter, we reported two
assemblies of supramolecules, as shown in Figure 2.4, based on [47] fullerene
with three-centered intermolecular hydrogen-bonding bonds, and attempted
to analyze the influences of the different structure features on the interactions
and stability of molecular aggregates [56, 57]. Well-defined supramolecular
ball-like structures were constructed in our work, which could be of interest for
the construction of three-dimensional nanomaterials for future applications as
photoelectric devices.

In the structure of supra structures, functionalization is the most important
objective. Many organic systems have been developed, which exhibit reasonable
light-harvesting efficiencies, and many of them show the ability of the energy
and electron transfer [47, 58 —60] Fullerene (Figure 2.5) has been widely used as
a three-dimensional electron acceptor, while porphyrins and pyrene are used as
donors. In our previous work, hydrogen-bonding supramolecular assemblies con-
taining [47] fullerene have been constructed to explore the expected outstanding
physical and chemical properties.

The response of on-and-off m cycling of the 1-2 film is prompt and reproducible,
and the photocurrent stability is rather good in the system during the moni-
tored time, as indicated in Figure 2.6. The ball-like supra structure (Figure 2.7),
assembled through hydrogen-bond and n—= stacking, could be of importance

. Iy
NCZHCON™ “N” “NOC(CHz)16CHs 2 1 N
A vy ‘&0
o o Ny

e\ E\(o O"C.; O N |N\ NWN
SN GH,(CH)10CHs

(b)

Figure 2.4 Structure of the self-assemblies.
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Figure 2.5 Suprastructure of self-assembly of [47] fullerene derivative 1 as acceptor and
perylene bisimide 2 as donor by hydrogen bonding [61].
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Figure 2.6 Time-dependence of the photocurrent response of the self-assembly film
([11:[21=2:1).

for future studies on three-dimensional nanomaterials applied in the field of
photoelectric devices. Recently, the first synthesis of 1,1"”'-biferrocenediboronic
acid (1) demonstrated the usefulness of 1 as a new organo bimetallic build-
ing block for the construction of covalent and noncovalent assemblies
(Scheme 2.1).

252
-7t Stacking Assemblies

Two types of T-interactions are common in supramolecular assemblies, namely (i)
cation—m interactions and (ii) n—x interactions. More recently, reports on anion-x
are also available. Compared to the more conventional noncovalent interactions,
the cation—m interaction has been relatively underappreciated. However, it is
now an established fact that cation—= interactions have a prominent position
among the various noncovalent binding forces that nature uses to assemble the
molecules of life. For prototype systems, a simple electrostatic model rationalizes
major binding trends, and also provides useful guidelines for understanding more
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Figure 2.7 (a) TEM images of assemblies ([1]:[2]=2:1). (b) High magnification of the TEM
image.
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Scheme 2.1 Syntheses of 1/,1"’-biferrocenediboronic acid (1), 1D hydrogen-bonded net-
works and macrocyclic dimer (2). Red and blue moieties indicate the first and second lig-
ands, respectively.

complex structures. A clear indication that electrostatics plays an important role
in the cation— = interaction comes from a comparison of the binding efficiencies
of simple alkali metals to benzene, the trend is Li+ > Na+ > K+ > Rb+. A sys-
tematic study by Dougherty et al. reveals that the fraction of the total binding
energy that is electrostatic varies considerably, depending on the aromatic.
Crucial insights into the nature of cation—= interactions have been provided
by studies of artificial receptors in aqueous media. n-Systems can also interact
favorably with other m-systems. The interactions usually summarized with the
term m-stacking are, however, quite complex. Three different m-interactions,
namely, edge-face n interaction (CH- w), offset 1—= interaction, and face-to-face
n—7 interaction are generally observed. Although benzene has no net dipole, it
has an uneven distribution of electron density, with higher electron density on the
face of the ring and reduced electron density on the edge. The edge-face geometry
(CH-n) is found to be most stable in benzene. The offset t—r interaction is more
common when electron density on the face of one or both rings is reduced.
Thus, these edge-face m interaction and offset t—= interaction arise from the
attraction between the negatively charged n-electron cloud on the face of benzene
ring and the positively charged sigma-framework on the edge of a neighboring
molecule (Figure 2.8). A third geometry is the face-to-face m—mn interaction,
where parallel ring systems are separated by about 3.5 A. This kind of interaction
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Figure 2.8 Probable self-assembly suprastructure arrangements of CYDIOL.

is commonly observed in donor-acceptors pairs and in compounds having
opposite quadrupole moments. The benzene and perfluorobenzene interact in
this manner and such interaction was calculated to provide —15.5k] mol~! in
stability.

The self-assembly of a conjugated polymer for forming different morphology
is currently attracting considerable attention [62—64]. The self-assembly of
organic molecules with the assistance of noncovalent forces, such as hydro-
gen bonding and m—x stacking interactions, which leads the orientation of
molecules in an ordered style, provides an efficient method for creating
nanoscopic and mesoscopic structures. In 2005, a small molecule 6-carbazol-
9-ylhexa-2,4-diyl-1-ol (CYDIOL) containing diacetylene units which could be
self-polymerized by UV light was designed [65]. The CYDIOL molecules are
capable of forming low-dimensional nanostructures by the associated effects
of self-polymerization and self-assembly (Figure 2.13). The study showed that
the association of self-polymerization and self-assembly induces the production
of well-defined polydiacetylene nanowires that show excellent field-emission
properties (Figures 2.9 and 2.10).

253
Assemblies by Hydrophilic and Hydrophobic Interactions

The self-assembly of amphiphilic molecules has attracted special attention for a
long time, not only for its importance in theoretical studies, but also for its crucial
role in biological systems and daily life. Usually, amphiphilic molecules contain
hydrophilic and hydrophobic parts at the same time. Because of the different
solubility of the hydrophilic and hydrophobic parts, the amphiphilic molecules
tend to self-assemble into well-defined structures, and the orphologies may differ
in hydrophilic and hydrophobic solvents, to an extent that even the control over
specific shapes, dimensions, and pattern formation of supramolecular organi-
zation becomes possible. This demonstrates the influence of the environment
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Figure 2.9 Self-assembled nanostructures on copper foils: (a) without polymerization pro-
cess (b) and (c) large area of ordered polydiacetylene nanowires (d) with some entangled
polydiacetylene nanowires.
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Figure 2.10 Field-emission J-E curves of the polyCYDIOL nanowires. The inset shows the
Fowler—Nordheim plot.

on molecular properties. Hydrophobic effect relies on the minimization of the
energetically unfavorable surface between polar/protic and unpolar/aprotic
molecules. It is of two types, namely an enthalpic hydrophobic effect and an
entropic hydrophobic effect. Enthalpic hydrophobic interactions occur when
a guest replaces the water within a cavity. This occurs quite readily as water
in such systems do not interact strongly with the hydrophobic cavity of the
host molecule and the energy in the system is high. Once the water has been
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Figure 2.11 Chemical structure of compound 11.

replaced by a guest, the energy is lowered by the interaction of the former water
guest with the bulk solvent outside the cavity. There is also an entropic factor
to this process, in that the water that was previously ordered within the cavity
becomes disordered when it leaves. An overall increase in entropy favors the
process. Various efforts have been made to prepare inorganic and organic hollow
capsules, because this kind of nanoscale structure displays unique structural,
optical, and surface properties that may lead to a wide range of applications,
such as capsule agents for drug delivery, filters, coatings, chemical catalysis, or
templates for functional architectural composite materials [66, 67]. Porphyrins
have remarkable derivatives and have attracted considerable attention in recent
years, especially for the amphiphilic porphyrins, which have been subjugated
in the preparation of simple micelles, fibers, and vesicles [66, 68, 69]. V-sharp
amphiphilic zinc porphyrin derivative shown in Figure 2.11, could self-assemble
into vesicles with a diameter of 200 nm [67]. These vesicles could be controlled to
assemble into hollow capsules and worm-like structures as confirmed by scan-
ning electron microscope (SEM) and transmission electron microscope (TEM)
(Figure 2.12).

Many researches have been conducted on incorporating chiral moieties [70,
71] or achiral molecules [72, 73] in self-assembling organic molecules with
the objective of forming chiral supramolecular structures. Recently, a chiral
small-molecule  L-{2-(4-hydroxy-phenyl)-1-[(pyren-1-ylmethyl)-carbamoxyl]-
ethyl}-carbamic acid tert-butyl ester (PLBT) was designed and synthesized,
which could self-assemble into ball-like particles and helical nanowires with a
perfect structure (Figure 2.13) by employing different solvents [74]. The chiral
molecule assembled through hydrophilic and hydrophobic interactions and n—=n
stacking.
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Figure 2.12 Morphology transition of the compound 11 vesicle formed in methanol
vesicle heated (a), (b), (c), and (d) SEM with a close-up of the vesicle membrane
image of worm-like aggregates of 11. (d) showing the proposed multibilayer structure.
Schematic representation of compound (f) Schematic representation of an interdigi-
11. (e) Schematic representation (f) of tated bilayer structure.

254

Metal-Ligand Interactions

Metal-ligand complexes are the most well studied, having first been brought to
the attention of the broader scientific community by Pedersens’s work on the abil-
ity of cyclic polyethers to complex metal salts, in the late 1960s [5, 6]. In the
simplest terms, metal —ligand coordination revolves around the donation of elec-
tron density by the electron-rich ligand to the electron-poor metal center. The
electron donation of the ligands may arise through a number of modes, such as a
negative charge on the ligand, electron density in the m-electron cloud of sp and
sp2-hybridized bonds, and the electrons of lone pairs on an organic molecule.
Of these metal —ligand interactions, the electron density donated by the lone pairs
of the organic molecule will be the focus of this writing. The interaction of electron
lone-pairs with metal d-orbitals is observed in 6-donating ligands such as amines
and phosphines. One particular example is Co[NH3]6Cl3, a compound whose
structure was first elucidated by Werner [7], laying the foundation of the study of
coordination chemistry. Upon association of the ligand with the metal, hybridized
metal orbitals of the type dxspy form to accept electron density from the ligand,
with the integers x and y depending on the extent of d-orbital filling, ligand prop-
erties, and other factors [8]. Often, the partial hybridization of the d-subshell of
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Figure 2.13 Structure of PLBT and schematic representation of self-assembly of compound
PLBT.

the metal gives rise to a splitting of the orbital energies, resulting in higher-energy
antibonding hybridized orbitals, and lower-energy nonbonding orbitals. This can
overcome the pairing energy of the electrons in the orbital, resulting in paired
electrons occupying lower-energy orbitals [9]

The metal ligand interactions play an important role in the chiral supramolecu-
lar system because of its high directionality [75]. As one of the most known coor-
dination systems, successful assemblies of metal-oligopyridine helices from chiral
ligands [76] have been well studied. We also constructed chiral supramolecular
assemblies from a novel achiral tripodterpyridine ligand, in which three terpyri-
dine components were introduced into respective sites of silicon core to form
tripodal configuration (Figure 2.14) [77]. Chiral coordination architectures were
constructed by the self-assembly of the achiral tripod-ligand with silver(I) cations
(Figure 2.15), and the possible formation mechanism of the superhelix was exhib-
ited in Figure 2.16. An effective approach of designing ligands of specific configu-
ration was to study the effect of “structure property” in the molecular recognition
process.
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Figure 2.14 Chemical structure of tripod-terpyridine ligand and the proposed “umbrella-
shaped” module.

Figure 2.15 SEM (on Pt substrate) images of helical strips of [Ag3L] in different views and
magnitude.
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Figure 2.16 Proposed formation mechanism of the superhelix: free ligand molecules in
dichloromethane (a), original flat strips with Ag (I) cations (b,c), and twisted strips induced
by continuous tilt of coordination planes between ligand and Ag (1) cations (d).
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Other Methods for Construction Nanomaterials

Nanostructured materials are materials with the characteristic length scale of
the order of a few (typically 1-100) nanometers. The structure refers to the
chemical composition, the arrangement of the atoms, and the size of a solid
in one, two, or three dimensions; effects controlling the properties of nanos-
tructure materials include size effects (where critical length scales of physical
phenomenon become comparable with the characteristic size of the building
blocks of the micro structure), changes in the dimensionality of the system,
changes in the atomic structure, and alloying of components, for example,
elements that are not miscible in the solid or the molten state. The synthesis,
characterization, and processing of nanostructure materials are part of an
emerging and rapidly growing field. Research and development in this field
emphasizes scientific discoveries in the generation of materials with controlled
microstructural characteristics. Nanostructured materials may be grouped
under nanoparticles, nanointermediates, and nanocomposites. They may be in
or far away from a thermodynamic equilibrium. For example, nano-structured
materials consisting of nanometer-sized crystallites of Au or NaCl with different
crystallographic orientation and chemical compositions vary greatly from their
thermodynamic equilibrium. According to Siegel, nanostructured materials
are classified as zero-dimensional, one-dimensional, two-dimensional, and
three-dimensional nanostructures. Nanomaterials are materials that are char-
acterized by an ultrafine grain size (<50 nm) or by a dimensionality limited to
50 nm. Nanomaterials can be created with various modulation dimensionalities
as defined by Richard W. Siegel: zero (atomic clusters, filaments, and cluster
assemblies), one (multilayers), two (ultrafine-grained overlayers or buried layers),
and three (nanophase materials consisting of equiaxed nanometer sized grains)
(Figures 2.17 and 2.18).

Figure 2.17 (a) OD: nanoparticles, (b) and (c) 1D: nanowires and nanotubes.

39



40

2 Chemistry of Nanoscience and Technology

Figure 2.18 2D nanostructure: thin film.

2.6
Zero-Dimensional Nanomaterials

A major feature that discriminates various types of nanostructures is their dimen-
sionality. The word “nano” stems from the Greek word “nanos,” which means
dwarf [78]. This word “nano” has been assigned to indicate the number 10~?, that
is, 1 billionth of any unit. In the past 10 years, significant progress has been made in
the field of 0D NSMs. A rich variety of physical and chemical methods have been
developed for fabricating 0D NMSs with well-controlled dimensions. Recently,
0D NSMs such as uniform particles arrays (quantum dots), heterogeneous par-
ticles arrays, core—shell quantum dots, onions, hollow spheres, and nanolenses
have been synthesized by several research groups [79-83]. Figure 2.19 shows the
images of different types of 0D NSMs. Moreover, 0D NSMs, such as quantum dots
have been extensively studied in light emitting diodes (LEDs) [84], solar cells [85],
single-electron transistors [86], and lasers [87].

The template-based method is most widely used to synthesize the 0D NSMs
such as core—shell, quantum dots, and hollow sphere nanoparticles [88—91].
Recently, Nash et al. [88] reported a template method for synthesizing the
temperature-responsive c-Fe203-core/Au-shell nanoparticles. For the synthesis
of c-Fe203-core/Au-shell nanoparticles, they were using the “smart” diblock
copolymer micelles as template. The amphiphilic diblock copolymer chains
were synthesized using reversible addition—fragmentation chain-transfer with
a thermally responsive “smart” poly(N-isopropylacrylamide) block. An amine-
containing poly(N,N-dimethylaminoethylacrylamide) block can act as a reducing
agent during gold shell formation. Li et al. [89] reported template-based synthesis
of homogeneous hollow core—shell ferrite (MFe204, M =Zn, Co, Ni, Cd). In
their report, they synthesized hollow core—shell nanoparticles of spinel ferrites
(MFe204, M =Zn, Co, Ni, Cd) via carbonaceous saccharide microspheres as
template. By adjusting the concentration of metal salts, it was possible to manipu-
late the core size and shell thickness of hollow spheres. Kim et al. [79] applied the
template method to prepare the CdSe quantum dots. For the synthesis of CdSe
quantum dots, they applied a mesoporous silica thin film template, whose pore
structure is composed of 8 nm sized vertical channels in a hexagonal symmetry on
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Figure 2.19 Typical scanning electron micro- research groups. (a) Quantum dots [79], (b)
scope (SEM) and transmission electron micro- nanoparticles arrays, (c) core-shell nanoparti-
scope (TEM) image of different types of cles, (d) hollow cubes, and (e) nanospheres.
0D NSMs, which is synthesized by several

the graphene surface, as a nanoporous mask. The nanochannels exert resistance
against the diffusion of electrolytes and, thus, function as a potential-equalizer to
suppress the preference for the edge and defect sites. They were able to form CdSe
quantum dots into a hexagonal array structure by electrochemically deposited
CdSe particles into the pores of the mesoporous silica film template.

Recently, researchers are using a modified Chemical vapor deposition (CVD)
technique for the fabrication of 0D NSMs [92-95]. Palgrave and Parkin [92]
used aerosol-assisted CVD technique to fabricate the Au nanoparticles on a glass
substrate. Toluene is used as a precursor to deposit gold nanoparticles onto glass.
The sizes of Au nanoparticles are ~100 nm. Boyd et al. [95] developed a new CVD
process that can be used to selectively deposit materials of many different types.
In this technique, they used the Plasmon resonance in nanoscale structures to
create the local heating, which is crucial to initiate deposition when illuminated
by a focused low-power laser [95]. Elihn et al. [96] synthesized the iron nanopar-
ticles enclosed in carbon shells by laser-assisted chemical vapor decomposition
(LCVD) of ferrocene (Fe(C5H5)2) vapor in the presence of the Ar gas. The inner
part of a thin carbon shell on the iron core is indicated as a graphitic layer, whereas
the outer part of the shell is composed of amorphous carbon. Domingo et al. [97]
fabricated the Au nanoparticles by LCVD on glass and CaF2 substrates and their
potential for providing enhanced Raman and infrared spectra has been investi-
gated by using one of the dithiocarbamate fungicides, thiram, as a test molecule.
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Au nanoparticles are prepared on chamber with pressure of ~5x 10~° mbar,
using an ArF excimer laser operating at 20 Hz. However, the development of laser
pyrolysis process will open up possibilities in terms of controlling particle-growth
mechanisms, that is, the possibility to optimize the experimental conditions
(duration, temperature), in order to control the final shape and composition (grain
size, crystalline phase, stoichiometry etc.,) of the 0D NSMs [92—101]. Dumitrache
et al. [98] synthesized the iron-based core—shell nanostructures via laser pyroly-
sis. In a typical synthesis of iron-based core—shell nanostructures, first by using a
cross-flow configuration, the laser radiation heatsa gas phase mixture containing
iron pentacarbonyl (vapors) entrained via an ethylene flow. Second, in situ
passivation of the pyrophoric iron nanoparticles is done by controlled oxidation
process. The diameter of iron-based core—shell nanoparticles is ~22 nm. Pignon
et al. [101] prepared the TiO, nanoparticles by laser pyrolysis, with the use of an
aerosol of TTIP (titanium tetraisopropoxide) as the main precursor sensitized by
C2H4. The TiO, nanoparticles had the average diameter in the range from 8 to
20 nm. Thus, laser pyrolysis is used to make the different type of 0D NSMs.

2.7
One-Dimensional Nanomaterials

In the past decade, 1D NSMs have stimulated an increasing interest due to their
importance in research and developments and have a wide range of potential
applications. One-dimensional nanomaterials has nanoscale sizes along two
dimensions and have a rod-like or wire-like appearance. In such nanomaterials,
quantum confinement and surface area-related nanoscale effects are more pro-
nounced compared to 2D nanomaterials, at the same time, they can be integrated
and connected into device architectures due to single bulk-like dimension that is
absent in 0D nanomaterials. Furthermore, their anisotropic morphology makes
it possible to exploit the effects of orientation of an ensemble of such nanowires
in addition to size and shape-related nano scale effects. The field of 1D NSMs
such as nanotubes has attained significant attention after the pioneering work
by Iijima [102]. 1D NSMs have a profound impact in nanoelectronics, nanode-
vices and systems, nanocomposite materials, alternative energy resources, and
national security [103]. In Figure 2.20, we show the 1D NSMs, such as nanowires,
nanorods, nanotubes, nanobelts, nanoribbons, and hierarchical nanostructures,
which have been synthesized in our as well as other laboratories [104—119].

Lyotropic liquid crystal (LLC) template-assisted synthesis is one of the most
facile and most applied methods for the synthesis of 1D NSMs such as nanowires,
nanorods, nanotubes, nanobelts, nanoribbons, and nanospindles [104, 120—123].
For instance, Huang et al. [104] used the LLC template-electrodeposition to fab-
ricate the Cu, O nanowires with diameter of 25—-100 nm.

Later, Kijima et al. [123] fabricated the platinum, palladium, and silver nan-
otubes, with inner diameters of 3—4nm and outer diameters of 6—7nm, by
the reduction of metal salts confined to lyotropic mixed LCs of two different
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Figure 2.20 (a-f) SEM image of different types of 1D NSMs.

sized surfactants. It is well known that the uniform and consistently sized metal
nanotubes are promising for potential applications as electrodes in batteries and
fuel cells, and environmental catalysts. From the above results it can be seen
that the LLC template-assisted methods are fast, inexpensive, reproducible, and
potentially versatile for the fabrication of 1D NSMs. Electrode position processes
have a wide range of advantages such as low cost, environmentally friendly, low
energy consumption, high growth rate at relatively low temperatures, and have
good control of the deposition thickness, shape, and size. Basically, there are two
ways to produce the 1D NSMs through the electrode position method. First is the
template-assisted electrode position, where the 1D anisotropic growth is realized
by using various templates to confine the growth space of the electrodeposits.
For example, recently, several groups have been applying the template method
pattern to fabricate the 1D NSMs such as nanotubes, nanowires, and nanorods
[106, 124—126]. More recently, Xia et al. [106] fabricated the MnO, nanotube
and nanowire arrays via an electrochemical deposition technique using porous
alumina templates. Figure 2.21 shows the SEM pictures of MnO, nanotube arrays
and MnO, nanowire arrays after removal of the template. The cross-sectional
view of MnO, nanotubes shows that the length of the nanotube is 2 pm, as shown
in Figure 2.21c. The morphology of the nanotublar nanostructure changes to a
wire-like form during prolonged electrochemical deposition (Figure 2.21d, e).
The cross-sectional view of the MnO, nanowire arrays shows that the length
of the MnO, nanowire is ~101m (Figure 2.21f). They also report that the MnO,
nanotube array electrode has a capacitive behavior superior to that of the MnO,
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(a) (b)

Figure 2.21 (a, b) Plan-view SEM images of MnO, nanotube arrays; (c) cross-section view of
MnO, nanotube arrays; (d, e) plan-view SEM images of MnO, nanowire arrays; and (f) cross-
section view of MnO, nanowire arrays. (Reprinted from Ref. [106].)

nanowire array. The second method is by using template-free electrode position,
where the 1D anisotropic — growth is achieved by using the intrinsic anisotropic
crystallographic structure of a targeted material [107, 123]. However, only a few
1D NSMs have been made by the template-free electrode position. More recently,
Li et al. [107] used the electrode position process to fabricate the polyaniline
nanobelts.

Figure 2.22 shows the SEM images of the resulting products. The average width
and thickness of polyaniline nanobelts are 21m and 50 nm, respectively. The
length of polyaniline nanobelts is 20 Im. They also had shown that the polyaniline

Figure 2.22 Typical (a) low- and (b) high-magnification plan-view SEM images of polyaniline
nanobelts. (Reprinted from Ref. [107].)
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nanobelts have a high specific capacitance value of 873 Fg~! at 10 mV s™%, which
is much bigger than that of polyaniline nanospheres.

The hydrothermal technique is an efficient method for the controlled synthesis
of 1D NSMs [127-130]. For instance, Tang et al. [129] prepared the Si nanowires
on Si substrates by the hydrothermal deposition route under low temperature and
pressure. The obtained Si nanowire consists of a polycrystalline Si core and an
amorphous silica sheath. The diameter and length of Si nanowires were 170 nm
and 10 lm, respectively. More recently, Shim et al. [130] used the facile hydrother-
mal method with hydrogen titanate nanowires as the precursor to fabricate the
porous TiO, nanowires. Figure 2.23 shows the SEM, TEM, HRTEM images and
SAED pattern of the pure anatase phase TiO, nanowires and an anatase TiO,
nanowire. They also reported that the porous anatase TiO, nanowires demon-
strated a good cycling performance and excellent rate capabilities compared with
the H, Ti;O, nanowires and the anatase TiO, nanowires.

Solvothermal reaction uses a solvent under elevated pressures and tempera-
tures above its critical point to increase the solubility of a solid and to speed up
reactions between precursors. In view of several advantages (high purity and good
homogeneity) over other techniques, the solvothermal synthesis process has been

Figure 2.23 (a) SEM and (b) TEM images

the SAED patterns. (d) HRTEM image of

of the as-made pure anatase phase TiO,
nanowires growth by hydrothermally dehy-
drated at 180 °C. (c) TEM image of the pure
anatase phase TiO, nanowires with porous
nanostructures. The inset of image (c) shows

a pure anatase phase TiO, nanowire. (e)
TEM image of an anatase TiO, nanowire.
The inset of image (e) shows the SAED pat-
terns. (f) HRTEM image of an anatase TiO,
nanowire. (Reprinted from Ref. [130].)
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one of the most important methods for the preparation of 1D NSMs [131-135].
Xu et al. [134] fabricated large-scale CdS nanowires by a solvothermal process in a
mixed solvent of dodecanethiol and ethylenediamine. Figure 2.24 shows the SEM
images of the resulting products. The resulting product is composed of uniform
nanowires with an average diameter of 25 nm and lengths of 20—40 Im.

The sol—gel technique is an attractive synthetic method due to its simplicity
and flexibility, which allow for optimization and production of bulk 1D NSMs
[136—139]. Bitenc et al. [139] prepared the ZnO particles with a needle-like shape
by the solution-phase method in the autoclave system (oven preheated at 90 °C).
Figure 2.25 shows SEM images of the three samples (Samples A—C). As shown in
SEM images, the ZnO particles that were prepared in the autoclave had a much
higher aspect ratio (20 + 5) and were needle-like. Hence, the sol—gel method can
be applied for the preparation of various types of 1D NSMs.

In the last few years, nanowires formation via CVD is especially attractive
because of the relative ease of scaling from research to production-size systems
[140-144]. Shimizu et al. [143] used the CVD to fabricate the Ge nanowires on Si
substrates. Figure 2.26 shows plan-view SEM images of Ge nanowires grown on
the Si substrate. The (110) growth direction is dominant in Figure 2.26a—c. The
average diameter of the Ge nanowires calculated from Figure 2.33c was 20 nm.

Figure 2.24 (a) Low- and (b) high-magnification SEM pictures of the CdS nanowires.
(Reprinted from Ref. [135].)

(b)

dum |

Figure 2.25 SEM images of three samples (a-c) prepared in an autoclave at 90 C.
(Reprinted from Ref. [139].)
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Figure 2.26 Plan-view SEM images of Ge strongly tapered wire. Crossed arrows repre-
nanowires. The Ge nanowires were grown sent crystal orientations of the Si substrate.
at various temperatures (a) 450 C, (b) 400 C, It is projection onto the Si (100) surface.
and (c) 370 C for duration of 4 min in n- Reference [143].

butylgermane. The arrow in (a) indicates a

1D NSMs have also been synthesized via LCVD [146—151]. Longtin ez al. [150]
reported the growth of carbon nanofibers on nickel-coated alumina substrates
by LCVD. Figure 2.27 indicates the change in the surface morphology of carbon
nanofibers with respect to various irradiation times. Longer irradiation times
produced a 1 1m-thick carbon coating over most of the irradiated area.

2.8
Two-Dimensional Nanomaterials

In recent years, synthesis of 2D NSMs has become an important area in mate-
rials research, owing to their many low-dimensional characteristics that are
different from the bulk properties. 2D NSMs with certain geometries exhibit
unique shape-dependent characteristics and therefore their subsequent utiliza-
tion as building blocks for the key components of nanodevices [151-154]. In
Figure 2.28, show the 2D NSMs, such as junctions (continuous islands), branched
structures, nanoprisms, nanoplates, nanosheets, nanowalls, and nanodisks
[155-161].

Nanosheet and nanodisk-like structures were prepared by using cetyltrimethyl-
ammonium bromide (CTAB) micelles as a soft template method [157, 162].
Sirilet al. [157] synthesized the hexagonal Pd nanosheets in ternary emulsions
made of water/oil/CTAB and quaternary hexagonal mesophases made of
water/oil/CTAB/co-CTAB surfactants. HRTEM revealed that the hexagonal Pd
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Figure 2.27 Changes in the carbon nanofibers morphology with respect to various irradia-
tion times: (@) 55; (b) 1205; (c) 180s; (d) 420s. (Reprinted from Ref. [150].)

Figure 2.28 Typical SEM and TEM image of  structures [155], (c) nanoplates [156], (d)
different kinds of 2D NSMs, which is synthe- nanosheets [157], (e) nanowalls [158], and (f)
sized by our and several research groups. (@) nanodisks [159].

Junctions (continuous islands), (b) branched
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nanosheets were obtained from the CTAB-based emulsions. These hexagonal
Pd nanosheets have shown a broad absorption band from the visible to the
near infrared region. However, Chen and Carroll [162] also used the CTBA
micelles as a soft template to synthesize large quantities of truncated triangular
Ag nanoplates. Kawasaki et al. [163] synthesized single crystalline platinum
(Pt) nanosheets in single or mixed surfactant LLC. They also noticed that the
thickness of Pt nanosheets is ~3.5nm. The Pt nanosheets are surface-smooth
and continuous over relatively large length scales of micrometer sizes. Kawasaki
et al. [163] suggested that the interfacially directed growth of Pt metals within
the aqueous shells of the Tween 60 hemicylindrical micelles induces the thin Pt
crystals as thick as the aqueous shells. Sakai et al. [164] (Figure 2.29) developed
a new approach to fabricate single crystalline Pt nanosheets by the chemical
reduction of a Pt salt based on the interfacial directed growth of Pt metals within
LLC at a graphite/solution interface. Figure 2.29 shows the AFM images obtained
for single crystalline Pt nanosheets. AFM images indicated that the thickness of
Pt nanosheet is about 11.7 nm. Kijima et al. [165] prepared nanohole-structured
single-crystalline Pt nanosheets by reduction of Na,PtCl, confined to the LLCs
using borohydride as the reductant. Further, Wang et al. [166] established
a novel method to prepare Au nanoplates from LLC. Another research was
carried out by Wang et al. [167] to obtain products of controllable shape and
size. Single-crystalline Au nanoplates with triangular or hexagonal shapes were
synthesized by reducing HAuCl, in LLC by the addition of a small amount of
capping agents. Consequently, all the above results suggest that the hexagonal
LLCs-based surfactant cylindrical micelles are available for the formation of 2D
metal nanosheets. Another technique that is widely employed to prepare 2D
NSM is two- and three-electrode electrochemical cell system [160, 168—171].
Liu et al. [169] used a two-electrode electrochemical cell to synthesize the
mesoporous hydrous manganese dioxide nanowall arrays.

The following reactions are involved in the deposition of MnO, nanowalls.
When a voltage was applied, the water electrolysis occurred at the cathode

(a) (b)

50 nm

Figure 2.29 (a) AFM image of Pt nanosheets thickness of Pt nanosheets. Bottom of (b)
and (b) AFM image of selected region of shows the stacking of four nanosheets with
Pt nanosheets shown in (a). In (b), yellow a total thickness of 11.7 nm. (Reprinted from
line shows the scan line for the measured Ref. [164].)
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surface, generating hydrogen gas and OH-groups:
2H,0 + 2e¢” = H, + 20H~

Then, the generated OH-groups from bonds with Mn?* ions, caused nanopar-
ticle precipitation:

Mn?* + 20H™ = Mn(OH),

Figure 2.30 shows the SEM images of manganese oxide film grown on cathodic
substrate. The cross-section SEM image (Figure 2.30b) depicts that the nanowall
array was deposited with no continuous film at the interface between the Pt film
and manganese oxide nanowall arrays.

Jiang et al. [172] also applied the electroless process to fabricate Cu microstruc-
tures assembled with nanowalls. In Figure 2.31, we can see SEM images of Cu
microstructures with net shape consisting of nanowalls. They also found that the
morphology of Cu microstructures are controlled by adding NaOH in aqueous
solution and by choosing NaH,PO,-H,O as the reducing agent.

Hydrothermal methods are ideally suited for the rapid synthesis of large quan-
tities of 2D metal oxide or metal nanostructures [145, 173]. For example, MnO,

nanostructures with different morphologies, such as hexagram-like and dendrite-
like hierarchical forms, were successfully synthesized via a facile hydrothermal
route (Figure 2.32) [173].

Figure 2.30 The figure shows the SEM images of manganese oxide (a) and (b). (Reprinted
from Ref. [169].)

4 um

Figure 2.31 SEM images at (a) low- and (b) high-magnifications showing the copper
microstructures with net shape consisting of nanowalls. (Reprinted from Ref. [172].)
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Figure 2.32 (a-f) The figure shows the SEM images of the as-synthesized 2D hexago-
nal starlike b-MnO, and dendritelike hierarchical b-MnO, nanostructures. (Reprinted from
Ref. [173].)

The solvothermal processes are very facile routes to synthesize 2D NSMs [145,
173]. For example, silver nanosheets, and chain-like sheets have been successfully
synthesized by a controlled solvothermal process in the presence of ammonia
and AgNO, [173]. Li et al. [145] also used a solvothermal method to fabricate
CuS nanoplates by using copper nitrate and sulfur. Figure 2.33 shows the SEM
images of CuS architectures prepared in different solvents. According to their
results, the CuS products synthesized in DMF were nanoplates and the samples
prepared in ethanol exhibited flower-like morphology composed of large num-
bers of nanoplates, but those synthesized in EG were CuS architectures with high
symmetry made up of several nanoplates arranged in a certain mode.

The sol—gel process (or sol—gel deposition) is widely used to synthesize 2D
NSMs based on the polymerization of molecular precursors via wet chemical
methods [174-176]. For example, Wang et al. [175] synthesized 2D MoO,
nanoplatelets on silicon substrate using a sol—gel process. Figure 2.34 shows the
SEM images of 2D MoQO, nanoplatelets at different magnifications.

Over the past decade, CVD processes have received considerable attention
for the synthesis of 2D NSMs. Barreca et al. [177] synthesized a 2D zinc oxide
nanoplatelets on Si substrate by CVD starting from a second-generation ZnlI
precursor, Zn(hfa)2-TMEDA (Hhfa=1,1,1,5,5,5-hexafluoro-2,4-pentanedione;
TMEDA = N,N,NO,NO-tetramethylethylenediamine). Recently, Gao et al. [178]
fabricated large quantities of hexagonal boron nitride nanosheets via a CVD
process at 1100 and 1300 °C. Figure 2.35 displays the SEM images of boron nitride
nanosheets grown at 1100 and 1300 °C. By controlling the synthesis and chemical
reaction parameters, the thickness of the BN nanosheets can be adjusted in a
range of 25—50 nm.
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Figure 2.33 SEM images of the CuS architectures prepared in different solvents: (a, b)
ethanol, (c-f) ethylene glycol, and (g, h) dimethylformamide. (Reprinted from Ref. [145].)

LCVD has been used to fabricate the 2D NSMs. For instance, Guan et al. [179]
used LCVD to produce 2D linear arrays of ZnO nanoparticles on a silicon sub-
strate (Figure 2.36).

Consequently, all the above results suggested that the chemical process is a sim-
ple and very useful method for the synthesis and fabrication of 2D NSMs. The
morphology, particle size, and metallic composition of the 2D NSMs can be tuned
based on the precursor solutions, substrate materials, and deposition conditions.
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Figure 2.34 SEM images of the 2D MoO; nanoplatelets under (a) low- and (b) high-
magnifications. (Reprinted from Ref. [175].)

Figure 2.35 Plan-view SEM images of 2D boron nitride nanosheets grown at (a-c) 1300 °C
and (d) 1100°C. (Reprinted from Ref. [178].)

Figure 2.36 SEM images of 2D linear arrays
of ZnO nanoparticles. (Reprinted from Ref.
[179])
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29
Challenges in Nanoscience and Nanotechnology

Nanotechnology may be the ultimate enabling technology, since it deals with the
fundamental building blocks of matters and lives. Almost every field of industry
will be deeply influenced by the progress in nanotechnology. The most important
impact of this nanotechnology revolution may be the new synergy among
scientists, engineers, industrialists, and economic development specialists.
Nanotechnology creates both challenges and opportunities [180—182].

The major challenges of nanotechnology mainly include technology challenge,
industrial cluster, societal and ethical challenge, and military implication.

29.1
Challenges for Technological

In nanoscience and nanotechnology, one major technological challenge is the
nanomaterial science required for the local growth of nanostructures with
desired solid-state or molecular properties, and for the control of local reactions.
The second technological challenge concerns nanointerfaces as connections
and active components. Another technological challenge deals with the novel
components with electronic, mechanical, and chemical functionalities, which
can be used for energy and information transfer to autonomous nanosystems
[183]. It is expected that nanomechanics and nanochemistry will provide original
paths between the “virtual” world of all kinds of data processing, including
thermal, mechanical, and chemical processing, and the “real” world of sensing
and actuation. Such paths are crucial for the development of integrated sensing,
processing, and actuation technologies. Nominally, nanotechnology involves
the manipulation of atoms and molecules. Though, like plants and animals,
we can manipulate atoms and molecules using biological processes, we cannot
freely and accurately control biological processes to perform desired functions.
Using our current knowledge and techniques, some biological processes, such
as tissue growth, can be guided on a macroscale; however, we cannot yet guide
these biological processes in the way viruses and enzymes do. In the research of
nanoscience and nanotechnology, one of the most important challenges would
be the growth, characterization, and functionalization of nanomaterials and
nanostructures. It is still a daunting task to control the material’s property and
make an ideal metal, semiconductor or insulator with perceived properties.
Unlike other well-known aspects of manufacturing, nano design and simulation
issues are just beginning to come out from the realms of human imagination.

29.2
Challenges and Research for the Social Cluster

Public health and safety is probably the major concern associated with nano-
technology. It is becoming important and urgent to address the societal and
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ethical issues related to this emerging area of technology. It is necessary to
make sure that fear of nanotechnology be eliminated, and the products of
nanotechnology be accepted by the society and are not blocked by the public due
to fear. The possible threats of nanotechnology are related to how nanoparticles
affect the environment, and more essentially, how nanoparticles interact with
the human body. A lot of efforts and resources have been spent in incorporating
nanoparticles into products that have already been marketed and accepted by
the public. However, the research on health issues related to nanotechnology is
very limited, and this is a matter of severe concern. The elements involved in
nanotechnology behave quite differently from their counterparts in conventional
technology.

Nanotechnologies are positioned not only to initiate the next “industrial revolu-
tion,” but to also offer technological solutions to many of these problems. Industry
and government have in recent years claimed that:

Nanotechnologies will assist in providing clean water to billions through
filtration techniques with their ability to decontaminate dirty water.

293
The World Is Facing a Water Crisis

The question of whether or not the world is facing a water crisis is beyond dispute:
nearly 2 billion people live in water deprived parts of the globe. Pollution, climate
change, and ever-increasing populations have made it harder for people to access
clean water and adequate sanitation. The consequences for many are deadly:

» Two fifths of the world population lack access to proper sanitation.

+ Contaminated water is implicated in 80% of all diseases worldwide.

« Fifty percent of all hospital beds worldwide are occupied by people suffering
from easily treatable water borne diseases [184].

In this context, nanotechnologies have been positioned as one of the premier
technological solutions to solve some of these problems [185]. Some have even
raised the hope that nanotechnologies can assist in achieving the UN Millennium
Development Goal of halving the number of people without access to clean water
by 2015 [186].

Proponents of this technology claim that nanotechnologies can overcome unre-
solved challenges associated with the removal of water contaminants, while at the
same time being more effective, efficient, durable, and affordable [185]. Potential
products using nanotechnologies include:

» Water filtration devices, for example, nanoporous filter and membrane materi-
als to remove contaminants and used in desalination equipment.

¢ Monitoring devices, for example, sensors for quality and quantity of water
resources and the detection of contaminants.
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Many different water treatment technologies (chemical and biological, active
and passive) already exist for removing various contaminants from water and are
achieving different levels of quality, depending on the technology used and the
water quality that is required. However, each treatment technology has its own
limitations, such as being energy intensive and generating by-products with unin-
tended impacts on the environment and human health. Nanotechnology could
assist in meeting the need for safe and affordable water through relatively inex-
pensive water purification and the rapid and low-cost detection of impurities.
The application of nanotechnology in water treatment may vary depending on
the scale (local portable systems for central regional treatment facilities) and the
quality of water required.

One of the very significant challenges is that a large number of rural commu-
nities and informal settlements located near industrial areas need to have access
to clean water. In most instances, the water to which the community has access
is heavily contaminated, resulting in widespread water-borne diseases such as
cholera. This makes the provision of clean water, particularly to rural and arid
areas, a real and serious challenge. This necessitates the development of low-cost
and portable filters and purifiers. Addressing this challenge could be assisted by
nanotechnology research for the

» development of water purification modules;

» development of biodegradable, stimuli-dependent nanoparticles for the deliv-
ery of agents that are used in water treatment;

» development of sensors for the detection of pathogens/chemical pollutants in
water;

» development of techniques to remove pathogens/chemical pollutants and par-
ticulate matter in water; and

» preservation of water cleanliness to ensure that water treated in bulk can remain
uncontaminated for a long time.

To enable the exploration of other possible sources of drinking water, we need
to explore how nanotechnology can help to

 develop alternative and cost-effective systems for the desalination of sea water;

« create appropriate conditions for rain (such as cloud seeding);

« develop techniques for the maintenance of water levels in dams and rivers (i.e.,
prevent or minimize water evaporation);

« develop techniques for harvesting and preserving rain water (including excess
rain);

+ develop systems for water recycling at a point of usage;

¢ effect an improvement in the portability of water.

Industrial effluence has been the main source of destruction of wet lands. To
protect the environment, including the country’s wetlands, it has become neces-
sary to investigate cost-effective and efficient means of treating industrial efflu-
ence. The challenge is to ensure the sustainable protection of the environment.
In addition, industrial waste streams such as those from mines, are responsible
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for, among other things, the contamination of ground water. With some commu-
nities relying on ground water as their source for water, it is necessary to ensure
the remediation of such water sources by using nanoparticles. The remediation
of waste streams will not only stop ground water contamination, but also ensure
environmental protection. The research focus in this area should be on how nan-
otechnology can be used to

+ develop sensors for the detection of pollutants;

+ develop systems for the removal of pollutants (for recovery and/or inactivation);
¢ beneficiate effluent;

+ minimize contaminants through the use of nanoparticles;

+ recover water from diluted mine effluent.

One of the greatest challenges of the twenty-first century will be the transition
from energy sources based on fossil fuels to sustainable, renewable sources. Cli-
mate change and peak oil make it imperative that we find solutions, especially if
we want to preserve at least some elements of our current lifestyles. Nanotech-
nologies are considered by many to be at the forefront for providing solutions
for better energy generation, storage, and distribution. Using nanotechnologies
to fabricate materials (for instance CNTs) that are lighter and stronger than con-
ventional materials translates to impressive fuel efficiency gains in cars or planes.
Use of nanosized catalysts in car engines (e.g., substances that speed chemical
reactions) results in using 70—90% less of the same catalyst in bulk form. Storage
capacity, lifetime, and safety of batteries are also said to benefit from nanotech-
nologies. For instance, carbon nanofibers are beginning to be used in lithium-ion
batteries to extend the battery’s life [187]. While improving efficiency and reduc-
ing material use are of course important steps, the existing regulation and testing
methods are not able to guarantee the safety performance of any of these prod-
ucts. As such, research questions in the area of energy should aim to address these
challenges.

Research could possibly focus on the following things:

+ How nanotechnology can be used to develop new sources of energy.

* How nanotechnology can be used to develop/improve existing renewable
sources of energy.

+ How nanotechnology can be used to effect the production of cleaner and envi-
ronmentally friendly energy.

+ How nanotechnology can be used to effect an improvement in the generation
and use of energy.

+ How nanotechnology can be used to develop high-capacity energy storage
devices,

» How solar energy can be applied to produce hydrogen fuel.

+ How nanotechnology can be used for the efficient production of hydrogen by
water electrolysis.

» How nanotechnology can be used for hydrogen purification.

» How nanotechnology can be used in both catalysis and fuel cell research.
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Energy distribution, particularly to rural communities, has become a serious
challenge.

A lack of adequate infrastructure is one of the primary reasons for there
being difficulty in distributing energy to such parts of the country. Therefore,
it is necessary to investigate the possibility of nanotechnology providing other
(and of more effective) means of distributing energy or distributed onsite power
generation.

Addressing health-related issues is the basic challenge in this century all over
the world.

Almost all countries are facing serious challenges regarding the health of its
people. The country has a high rate of HIV-infection that is accompanied by
opportunistic infections such as tuberculosis TB, which is placing a tremendous
burden on the national health infrastructure and is draining resources that ought
to be used in addressing other diseases that are also important and growing in
urgency. These diseases include diabetes, cancer, heart disease, malaria, arthritis,
and asthma. New solutions are urgently needed to adequately manage these
diseases. Relevant research questions in this area would explore the following,
among other things:

+ The use of nanotechnology in the development of point-of-care diagnostic kits.
Point-of-care diagnostic tools are necessary when medical practitioners need to
confirm diagnosis during a consultation, thus enabling the rapid identification
of pathogens and application of appropriate therapy. Such instances include
cases where patients are suffering from infectious diseases that have a rapid
disease progression such as meningitis (which can lead to fatality or disability
in infants and children), and Ebola (which causes quick and painful death in
its patients). Point-of-care diagnostics are also crucial in the management of
HIV and TB, because these conditions require rapid detection and treatment
to improve the life of the patient, and prevent the spread of these infectious
agents. Rapid diagnostic kits for HIV are currently available; however, they
have proved not to be selective as they sometimes give false results. Therefore,
selective/specific diagnostic tools for HIV are urgently needed. In the case of
TB, the current testing methods have a long turn-around time, which makes
it difficult for doctors to provide timely and appropriate therapy. In addition,
specialized technicians are needed to perform the tests and specialized pathol-
ogists to interpret the results. The development of rapid diagnostic kits for TB
would enable doctors to quickly confirm the diagnosis of TB, and therefore,
administer timely treatment. Therefore, rapid diagnostic kits that are simple
and “user friendly” would be beneficial in several instances in the management
of infectious diseases. Point-of-care diagnostic kits are also important for
the early detection of cancers as this would improve chances of successful
therapy.

¢ Using nanotechnology to improve surgical procedures. Current methods of per-
forming surgery are invasive and cause most patients a great deal of pain during
the recovery period. Highly specialized surgeons are required to perform them.
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New surgical tools need to be developed to improve on current surgical proce-
dures, and new procedures need to be developed to reduce the invasiveness of
surgery and reduce the complexity of surgical procedures.
¢ The development of nanobiosensors for in situ detection of glucose levels
in diabetes therapy;
+ The ability to functionalize nanoparticles in a simple and efficient manner
to confer versatility for biomedical applications.

2.10
Applications of Nanoscience and Technology

Nanoscience and nanotechnology are rapidly growing fields with significant
potential to provide a new generation of both scientific and technological
approaches and of research and clinical tools and devices. The essence of
nanoscience and nanotechnology is the creation and use of molecules, molecular
assemblies, materials, and devices in the range of 1-100nm, and the exploita-
tion of the unique properties and phenomena of matter at this dimensional
scale.

Nanotechnology comprises both top-down and bottom-up fabrication method-
ologies. In the former, nanoscale devices and their components draw inspiration
from larger, currently known devices and components, while the latter pertains
to the assembly of devices from individual atoms, molecules, and supramolecular
structures of biological and synthetic origins. Below we list some key current and
potential short- and long-term applications of nanomaterials.

2.10.1
Personal Care Products

The use of nanomaterials imparts antibacterial and antiodor functionality to
powder, gel, stick, and spray underarm products. They also make them glide
smoothly on the skin. Nanogold and nanosilver particles have antibacterial and
antifungal characteristics. They are hence used in many personal care products.
Silver particles of size less than 10 nm dispersed in soaps impart the double
advantage of killing germs and increasing effectiveness in removing dirt particles
from the skin. Deodorants and antiperspirants based on nanozinc oxide particles
are currently being developed. Silver-doped zinc oxide offers enhancement
in odor fighting and antibacterial properties. Nanosized titanium dioxide and
zinc oxide are currently used in some sunscreens, as they absorb and reflect
ultraviolet (UV) rays and yet are transparent to visible light and so are more
appealing to the consumer. Nanosized iron oxide is present in some lipsticks as a
pigment but it is our understanding that it is not used by the European cosmetics
sector. The use of nanoparticles in cosmetics has raised a number of concerns
about consumer safety.
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2.10.2
Clays

Clays containing naturally occurring nanoparticles have long been important
as construction materials and are undergoing continuous improvement. Clay
particle-based composites — containing plastics and nanosized flakes of clay — are
also finding applications such as use in car bumpers.

2.10.3
Paints

Incorporating nanoparticles in paints could improve their performance, for
example, by making them lighter and giving them different properties. Thinner
paint coatings (“lightweighting”), used, for example, on aircrafts, would reduce
their weight, which could be beneficial to the environment. It may also be possible
to substantially reduce the solvent content of paints, with resulting environmental
benefits. New types of fouling resistant marine paint could be developed and
are urgently needed as alternatives to tributyl tin (TBT), now that the ecological
impacts of TBT have been recognized. Antifouling surface treatment is also
valuable in process applications such as heat exchange, where it could lead to
energy savings. If they can be produced at a sufficiently low cost, fouling-resistant
coatings could be used in routine duties such as piping for domestic and industrial
water systems. It remains speculative whether very effective antifouling coatings
could reduce the use of biocides, including chlorine. Other novel, and more
long-term, applications for nanoparticles might lie in paints that change color in
response to change in temperature or chemical environment, or paints that have
reduced infra-red absorptivity and so reduce heat loss.

2.104
Coatings and Surfaces

Coatings with thickness controlled at the nano- or atomic scale have been in
routine production for some time, for example, in MBE or metal oxide CVD for
optoelectronic devices, or in catalytically active and chemically functionalized
surfaces. Recently developed applications include the self-cleaning window,
which is coated in highly activated titanium dioxide, engineered to be highly



2.10 Applications of Nanoscience and Technology

hydrophobic and antibacterial, and coatings based on nanoparticulate oxides that
catalytically destroy chemical agents. Wear- and scratch-resistant hard coatings
are significantly improved by nanoscale intermediate layers between the hard
outer layer and the substrate material. The intermediate layers give good bonding
and graded matching of elastic and thermal properties, thus improving adhesion.
A range of enhanced textiles, such as breathable, waterproof, and stain resistant
fabrics, have been enabled by the improved control of porosity at the nanoscale
and surface roughness in a variety of polymers and inorganics.

2.10.5
Renewable Energy

Perhaps the greatest challenge for society and humankind is how to meet our ever-
increasing demand for energy. Although the primary source of energy on earth is
derived from the sun, the fundamental steps for energy conversion, such as the
transfer of charge, chemical reactions, transformation of molecular structure, and
so on, occur at the nanoscale. Development of nanotechnology has the potential
to revolutionize the approaches to energy production. Some of the promising new
areas for the use of nanotechnology in this field are the use of nanomaterials to
extract hydrogen from water, to harvest energy from the sun and biomass, and to
store energy as hydrogen fuel cells, batteries, and capacitors. Nanomaterials are
also being used as advanced catalysts for energy conversion. Nanomaterials will
also impact the processes for efficient utilization of energy for industries such as
transportation, power generation and utilization, water management and purifi-
cation, and environmental cleanup. A number of studies are underway to deploy
nanotechnology to meet future energy needs.

2.10.6
Batteries

With the growth in portable electronic equipment (mobile phones, navigation
devices, laptop computers, remote sensors), there is great demand for lightweight,
high-energy density batteries. Nanocrystalline materials synthesized by sol—gel
techniques are candidates for separator plates in batteries because of their foam-
like (aerogel) structure, which can hold considerably more energy than conven-
tional ones. Nickel—metal hydride batteries made of nanocrystalline nickel and
metal hydrides are envisioned to require less frequent recharging and to last longer
because of their large grain boundary (surface) area.

2.10.7
Fuel Additives

Research is underway on the addition of nanoparticulate ceria (cerium oxide) to
diesel fuel to improve fuel economy by reducing the degradation of fuel consump-
tion over time.
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2.10.8
Fuel Cells

Engineered surfaces are essential in fuel cells, where the external surface proper-
ties and the pore structure affect performance. The hydrogen used as the immedi-
ate fuel in fuel cells may be generated from hydrocarbons by catalytic reforming,
usually in a reactor module associated directly with the fuel cell. The potential use
of nanoengineered membranes to intensify these catalytic processes could enable
higher-efficiency, small-scale fuel cells. These could act as distributed sources of
electrical power. It may eventually be possible to produce hydrogen locally from
sources other than hydrocarbons, which are the feed stock of current attention.

S

2.10.9
Displays

The huge market for large area, high brightness, flat-panel displays, as used in
television screens and computer monitors, is driving the development of some
nanomaterials. Nanocrystalline zinc selenide, zinc sulfide, cadmium sulfide
and lead telluride synthesized by sol-gel techniques (a process for making
ceramic and glass materials, involving the transition from a liquid “sol” phase
to a solid “gel” phase) are candidates for the next generation of light-emitting
phosphors. CNTs are being investigated for low-voltage field-emission displays;
their strength, sharpness, conductivity, and inertness make them potentially very
efficient and long-lasting emitters.

2.10.10
Catalysts

In general, nanoparticles have a high surface area, and hence provide higher
catalytic activity. Nanotechnologies are enabling changes in the degree of
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control in the production of nanoparticles, and the support structure on which
they reside. It is possible to synthesize metal nanoparticles in solution in the
presence of a surfactant to form highly ordered monodisperse films of the catalyst
nanoparticles on a surface. This allows more uniformity in the size and chemical
structure of the catalyst, which in turn leads to greater catalytic activity and
the production of fewer byproducts. It may also be possible to engineer specific
or selective activity. These more active and durable catalysts could find early
application in cleaning up waste streams. This will be particularly beneficial if it
reduces the demand for platinum-group metals, whose use in standard catalytic
units is starting to emerge as a problem, given the limited availability of these
metals.

2.10.11
Food

Food packaging can be improved by placing antimicrobial agents directly on the
surface of the coated nanocomposite film. The incorporation of nanoscale clay
particles in a polymer matrix can result in lower oxygen and water permeation
with better recyclability. This can protect food from drying and spoilage (incurred
by oxygen access). Silver has been used as an antimicrobial agent for centuries.
Recently, nanoscale silver has been introduced in antimicrobial containers to keep
food fresh for longer.

2.10.12
Consumer Products

Nanotechnology is impacting the field of consumer goods, by providing prod-
ucts with novel functions ranging from easy-to-clean to scratch-resistant coatings.
The most prominent application of nanotechnology in household products is self-
cleaning or “easy-to-clean” ceramic or glass surfaces. Nanoceramic particles have
improved the smoothness and heat resistance of common household equipment
such as the flat iron and cooking pans.

2.10.13
Sports

In the field of sports, nanotechnology is promising to enhance the life and
performance of sports gadgets. Nanotechnology has been employed to produce
tennis balls that last longer, rackets that are stronger and bowling balls that are
harder. Nanoski wax is easier to apply and more effective than standard wax.
Nanotechnology-enhanced golf balls can correct their own flight path so that
they fly straighter than conventional balls.
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2.10.14
Lubricants

Nanospheres of inorganic materials could be used as lubricants, in essence by
acting as nanosized “ball bearings.” The controlled shape is claimed to make them
more durable than conventional solid lubricants and wear additives. Whether
the increased financial and resource cost of producing them is offset by the
longer service life of the lubricants and parts remains to be investigated. It is
also claimed that these nanoparticles reduce the friction between metal surfaces,
particularly at high normal loads. If so, they should find their first applications
in high-performance engines and drivers; this could include the energy as well
as the transport sectors. There is a further claim that this type of lubricant is
effective even if the metal surfaces are not highly smooth. Again, the benefits of
reduced cost and resource input for machining must be compared against the
production cost of nanolubricants. In all these applications, the particles would
be dispersed in a conventional liquid lubricant; design of the lubricant system
must therefore include measures to contain and manage waste.

2.10.15
Carbon Nanotube

CNTs have exceptional mechanical properties, particularly high tensile strength
and light weight. An obvious area of application would be in nanotube-reinforced
composites, with performance beyond current carbon-fiber composites. One
current limitation to the introduction of CNTs in composites is the problem
of structuring the tangle of nanotubes in a well-ordered manner so that use
can be made of their strength. Another challenge is generating strong bonding
between CNTs and the matrix, to give good overall composite performance
and retention during wear or erosion of composites. The surfaces of CNTs
are smooth and relatively unreactive, and so tend to slip through the matrix
when it is stressed. One approach that is being explored to prevent this slip-
page is the attachment of chemical side-groups to CNTs, effectively to form
“anchors.” Another limiting factor is the cost of production of CNTs. How-
ever, the potential benefits of such light, high-strength material in numerous
applications for transportation are such that significant further research is
likely.

2.10.16
Nanosensors

Nanosensors exhibit several distinct advantages over their microscale and
macroscale counterparts as listed below:

» Reduction in the overall size and weight of the associated system
¢ Cost reduction
¢ Mass production
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« Utilization of physical phenomena appearing on the nanoscale

» Low power consumption

» Certain applications require nanoscale systems for functional applications, for
example, implanted medical sensors must be in the nanoscale

¢ Enhanced sensitivity

» Higher level of integration.

Nanoscale sensors can be classified depending on the sensing application as
physical, chemical, or biological nanosensors. Also, similarly to the classification
of sensors, nanoscale sensors can also be classified according to the energy trans-
duced (Table 2.1).

Other than these, nanosensors can also be classified according to:

*

Effect/transduction phenomena
¢ Measurand

+ Material of the sensor element
» Technological aspects.

In particular, nanosensors can be classified depending on the nanostructures
employed, such as, nanotubes, nanowires, nanoparticles, nanocomposites, quan-
tum dots, embedded nanostructures, and so on. Though many varieties of sensors
exist, no single sensor can effectively sense all interested parameters in all possi-
ble environments. Therefore, building up of sensor arrays to consolidate multiple
properties in different environments is of current interest. Sensor arrays contain
different combinations of uni- and multi-functional sensors, to sense multiple
phenomena at one time, like the human sensor system with eyes as the optical
sensor, nose as the gas sensor, ear as the acoustic sensor and tongue as the liquid
chemical sensor.

This increases data acquisition and multiplication and is used in the chemical
or biochemical industries, and so on. Nanosensors and nanoenabled sensors have

Table 2.1 Various nanosensors.

Type Measured property

Mechanical Size, velocity, acceleration, mass flow, force, torque, pressure, acoustic
wave, piezoelectric, strain, stress

Thermal Temperature, specific heat, entropy, heat flow, flux

Electrical Voltage, current, resistance, impedance, inductance, capacitance,
dielectric constant, polarization, electric field, frequency, dipole
moment

Magnetic Field strength, flux density, magnetic moment, permeability

Optical Intensity, frequency, phase, wavelength, polarization, reflectance,
transmittance, refractive index

Chemical Composition, concentration, reaction rate, pH, oxidation/reduction

potential
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applications in many industries such as transportation, communications, building
and facilities, medicine, and safety and national security, including both homeland
defence and military operations. There are numerous examples of nanowire sen-
sors that are used, for example, to detect chemicals and biologics: nanosensors are
placed in blood cells to aid early detection.

2.10.17
Magnetic Materials

It has been shown that magnets made of nanocrystalline yttrium—samarium—
cobalt grains possess unusual magnetic properties due to their extremely large
grain interface area (high coercivity can be obtained because magnetization
flips cannot easily propagate past the grain boundaries). This could lead to
applications in motors, and analytical instruments such as magnetic resonance
imaging (MRI), used widely in hospitals and microsensors. Overall magnetiza-
tion, however, is currently limited by the ability to align the grains’ direction of
magnetization.

2.10.18
Medical Implants

Current medical implants, such as orthopedic implants and heart valves, are
made of titanium and stainless steel alloys, primarily because they are biocom-
patible. Unfortunately, in some cases these metal alloys may wear out within
the lifetime of the patient. Nanocrystalline zirconium oxide (zirconia) is hard,
wear-resistant, biocorrosion resistant and biocompatible. It therefore presents
an attractive alternative material for implants. Alongwith other nanoceramics,
nanocrystalline zirconium oxide can also be made as strong, light aerogels by
sol—gel techniques. Nanocrystalline silicon carbide is a candidate material for
artificial heart valves primarily because of its low weight, high strength, and
inertness.

2.10.19
Machinable Ceramics

Ceramics are hard, brittle, and difficult to machine. However, with a reduction
in grain size to the nanoscale, ceramic ductility can be increased. Zirconia,
normally a hard, brittle ceramic, has even been rendered superplastic (for
example, able to be deformed up to 300% of its original length). Nanocrystalline
ceramics, such as silicon nitride and silicon carbide, have been used in such
automotive applications as high-strength springs, ball bearings and valve lifters,
because they can be easily formed and machined, as well as exhibit excellent
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chemical and high-temperature properties. They are also used as components
in high-temperature furnaces. Nanocrystalline ceramics can be pressed into
complex net shapes and sintered at significantly lower temperatures than
conventional ceramics.

2.10.20
Elimination of Pollutants

Nanoscale materials can be used effectively in soil/sediment and water reme-
diation. For sites where refractory organic contamination has penetrated
deeply into the soil, it would be cost-effective to develop remediation tech-
nologies that do not require excavation. The use of zero-valent iron particles
has been shown to be effective in penetrating the required distances, 