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Abstract The thermolysis synthesis for the different nanomaterials such as metal,
metal oxides, hollow nanostructures, bimetallic, metal organic frameworks, and
carbon dots is provided. Controlled shape and size engineering of particles has been
performed using appropriate polyols. The polyols such as ethylene glycol (EG),
polyethylene glycol (PEG), and glycerol are frequently used for the nanomaterial
processing. The microwave assisted synthesis gives advantages such as fast heating,
quick reaction rate, high yields of the product, and less reaction time as compared to
the conventional heating techniques. Hydro/solvothermal routes are employed to
obtain range of nanomaterials with controlled morphology and crystallinity com-
pared to the other wet-chemical techniques. Sonochemical as well as ultrasonic
spray pyrolysis approaches are also utilized for the synthesis of nanomaterials.
Ultrasonication produces acoustic cavitation. The cavitation process leads to the
formation of bubbles. During the collapse of bubbles, the tremendous amount of
energy/high temperature and high pressures are liberated in very short time, and this
can be used for synthesis of nanomaterials.
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Diethylene glycol DEG
Tri-ethylene glycol TEG
Butanediol BD
Glycerol GLY
Benzenehexa chloride Bhc
Tri-ethanol-amine TEA
Cetyl trimethyl ammonium bromide CTAB
Sodium dodecyl sulfate SDS
Polyethylenimine PEI
Metal Organic Framework MOF
Hollow Carbon Sphere HCS

12.1 Introduction

Nanomaterials are regarded as backbone of nanotechnology and have shown
promising applications in materials science, bio-physics, chemistry, biotechnology,
etc. Synthesis plays a vital role in obtaining desired nanostructured materials.
Moreover, synthesis of the nanomaterials with the environment friendly route, use
of less toxic and less explosive reactants, and less reaction processing time is highly
required. Precise control of shape and size of the nanoparticles (NPs) is necessary in
order to tailor electrical, optical, magnetic, and catalytic properties. Nanostructured
materials synthesized via thermolysis can provide the various shape and size of the
particles which exhibit the different properties as compared to their bulk counter-
parts, and thus, they are useful in many applications such as optoelectronic devices,
photocatalytic activity, data storage, bio-imaging, drug delivery, magnetic reso-
nance imaging (MRI), fuel cell, photovoltaics, photodetector, super capacitors and
hyperthermia, etc. [1–6].

Synthesis protocols play the pivotal role in controlling the morphology of the
NPs, which finally determines their properties. Herein, thermolysis approach is
presented for the synthesis of nanomaterials and their different applications.
Thermolysis is a process of synthesis of compounds above room temperature but
below the boiling points of the solvents. Generally, solvents used into thermolysis
routes should have high boiling point. It may also include the process such as
thermal decomposition, substitution, and addition of the ions or elements but we
consider the case for thermolysis only when there is an involvement of heating in
the presence of a solvent. The scope of thermolysis is very vast, and this can be also
used in the preparation of organic and inorganic compounds. However, in this
chapter, synthesis of inorganic materials such as metals, alloys, oxides, metal
organic frameworks, etc., will be presented. Figure 12.1 represents the schematic of
various routes of thermolysis, namely polyol, hydro/solvothermal, microwave
(MW), sonochemical, and their applications.
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12.1.1 Types of Solvents

On the basis of polarity, solvents can be categorized into two types—polar and
non-polar solvents. Generally, polar solvents can dissolve polar molecule, whereas
non-polar solvents can dissolve non-polar molecule. There are solvent molecules
such as dimethyl sulfoxide (an organosulfur compound with the formula
(CH3)2SO), N,N-dimethylformamide, which can dissolve polar or non-polar
molecules. In addition, there are solvent molecules such as surfactant (oleic
acid), which can dissolve polar molecule (water) and non-polar molecule (hexane,
oil) simultaneously. Here, water-oil is immiscible, but miscible in the presence of
oleic acid.

Fig. 12.1 Schematic representations depicting the various routes of thermolysis for synthesis of
nanoparticles and their applications
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12.1.2 Polar or Hydrophilic Solvents

The solvent molecule having polarity due to presence of a functional group such as
OH, which can mix with water molecule easily is considered as polar or hydrophilic
solvent. The general structure of the solvents can be expressed as R-OH. Generally,
this solvent has high boiling point; and in general, its boiling point increases with
increase of OH contents in a molecule. The polar solvents with their structural
formula and corresponding boiling points are represented in Table 12.1 [7].

12.1.3 Non-polar or Hydrophobic Solvents

Solvent molecule of non-polar character does not have static charges such as
positive and negative charge separation, and in general, it is immiscible with water,
and these are considered as non-polar or hydrophobic solvents. In this type of
solvents, homogenous distribution of charges results in small dielectric constant.
Moreover, non-polar solvents can dissolve non-polar substances such as oils, fats,
and grease. Examples of non-polar solvents are summarized in Table 12.2 [8].

Using the hydrophilic solvents during the thermolysis process, agglomerated
particles/compounds are prepared. Moreover, suitable use of capping agents such as
sodium dodecyl sulfate (SDS), poly vinyl alcohol (PVA) which can exhibit less
agglomeration, and nearly, monodispersed type compounds are prepared [9].
Moreover, in hydrophobic type solvents, octadecene, diethylether, and silicon oil
have been used. By using these solvents and hydrophobic surfactant such as oleic

Table 12.1 Polar solvents and their corresponding boiling points

Solvents (Polar) Chemical formula Boiling point (°C)

Ethylene glycol (EG) HO–C2H4–OH 197

Diethyleneglycol (DEG) HO–C2H4–O–C2H4–OH 244

Tri-ethyleneglycol (TrEG) HO–(C2H4–O)2–C2H4–OH 291

Tetraethyleneglycol (TEG) HO–(C2H4–O)3–C2H4OH 314

Polyethyleneglycol (PEG) HO–(C2H4–O)n–C2H4OH 350

Glycerol (GLY) C3H8O3 290

Butanediol (BD) C4H10O2 235

Pentanediol (PD) C5H12O2 242

Methanol CH3–OH 64.6

Ethanol CH3CH2–OH 78.5

n-Propanol C3H7–OH 97

Acetic acid CH3CO–OH 117.9

n-Butanol C4H9–OH 118

Water H–OH 100
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acid, nearly monodispersed nanoparticles are prepared. Using polar solvents during
the compound preparation, the thermolysis process can be categorized as (a) polyol,
(b) hydrothermal and/or solvothermal, (c) microwave (MW) assisted synthesis, and
(d) sonochemical synthesis.

12.2 Polyol Synthesis Route

Metal nanoparticles of Ag, Au, Pd, and Ni can be prepared by polyol route. Here,
EG, PEG, and GLY solvents are used as reaction medium as well as reducing
reagent. It restricts an extra addition of reducing agent. The presence of OH group
in solvent helps in reducing metal ions. The polyol synthesis exhibits a range of
features as compared to traditional sol–gel route such as it comprises high boiling
points solvents, reducing properties for the metal synthesis, high solubility of metal
salts comparable to water, and vast operating temperature choice. It also favors the
synchronizing behavior toward surface functionalization, colloids of highly stable
NPs, and vast range of flexibility of polyols ranging from low molecular weight EG
to high molecular weight PEGs. Furthermore, it is easier to detach the polyols from
the surface of NPs after synthesis by repeated washing with water, and thus, par-
ticles can be prepared at large scale. This route has been regarded as green,
bio-compatible, and viable solvents, which is also extremely applicable for
large-scale commercial synthesis of NPs [7].

12.2.1 Metal NPs

The solution processed polyol mediated synthesis has been emerged as the most
effective successful route to prepare the metallic NPs with less agglomeration. Zero
valent noble metals Au, Ag, Pd, Cu, and high electropositive Co and Ni metals are
prepared. Also, this approach is further extended for the metals and its alloys
comprised of particles with very less agglomeration, precise control over

Table 12.2 Non-polar solvents and their corresponding boiling points

Solvents (Non-polar) Chemical formula Boiling point (°C)

Hexane CH3(CH2)4CH3 69

Benzene C6H6 80.1

Diethyl ether CH3CH2OCH2CH3 118

Carbon tetrachloride CCl4 76.8

Diphenyl ether C6H5–O–C6H5 257

Octadecene CH3C15H30CH = CH2 315

Toluene C6H5CH3 111
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morphology, and narrow size arrangement [10]. The precise control over shape and
size shows tunability of opto-electronic, magnetic, catalytic, data storage capacities,
etc. Xia and co-workers have synthesized the single crystal of Ag NPs via polyol
mediated synthesis route. SilverNPs are prepared via reduction of silver nitrate salt
precursor in the presence of ethylene glycol at higher temperature at the manifes-
tation of polyvinyl pyrrolidone (PVP). Here, ethylene glycol acts as reaction
medium as well as reducing agent while PVP as a capping agent. It was observed
that addition of NaCl into the solution mixture increases the etching and oxidation
of the twinned particles promoting the formation of monodispersed single crystal of
Ag NPs [11]. In recent years, Pt NPs are extensively studied for their catalytic
properties [12]. Yang and his co-workers reported the monodispersed Pt NPs are
prepared via polyol route. It is reported that by mixing of AgNO3 to the polyol, the
morphology of Pt NPs changes. Here, nitrate anion significantly reduces the degree
of reduction of Pt(II) and Pt(IV) via ethylene glycol. Generally, PVP is used as
regulating and stabilizing agent for the selective growth of nanocrystal in
well-defined shape. It is reported that monodispersed Pt nanocrystals with different
shapes comprising of cubes, cuboctahedra, and octahedral can be prepared by
polyol method. In the synthesis process, AgNO3 solution containing Ag ion shows
a vital part for the controlled morphology of Pt NPs [13]. Xia and his co-workers
reported the uniform cuboctahedral PdNPs can be prepared by using simple polyol
synthesis route. In the typical synthesis of Pd NPs, Na2[PdCl4] metal precursor is
mixed thoroughly into EG heated at 100 °C in the presence of PVP [14]. The
reaction mixture is largely established by cuboctahedra composed with twinned
particles. The chloride as well as O2 anions are accountable for the oxidative
etching of twinned NPs. The twinned NPs are stable under Ar atmosphere.
Moreover, these twinned NPs are vanished by revealing the sample to air. Thus,
twinned NPs are more sensitive due to the higher concentration of surface defects as
compared to cuboctahedra. This demonstrates the occurrence of an oxidant in
reaction medium affording a way to control the formation of well-defined mor-
phology of PdNPs. Monodispersed gold nanoboxes with highly truncated cubic
shape have been synthesised employing silver nanocubes as a sacrificial template in
which silver nanocubes react with an aqueous HAuCl4 solution by following
reaction process:

3Ag sð Þ þ HAuCl4 aqð Þ ! � � �Au sð Þþ 3AgCl aqð Þ þHCl aqð Þ

These polyols mediated silver and gold NPs treasure their applications in diverse
zones of claims in photonics, catalysis, and surface enhanced Raman spectroscopy
(SERS)-based sensing [15]. For the comparatively less-noble metals, the reducing
capacity of the polyol reaches to its higher limit at elevated temperature (>230 °C).
Even though if reduction process continues to happen, quick thermal decomposition
of the polyol obstructs the nucleation of NPs and impedes their separation subse-
quent to synthesis. Moreover, by lowering the temperature, less-noble metals such
as Co0 and Ni0 can be deoxidized by the polyol. At elevated temperature (>150 °C)
reducing ability of polyol favors the reduction of these metallic ions to their
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zero-valence metal from Co2+/Ni2+ to Co0/Ni0. Meanwhile at the lower temperature
(<150 °C), the bonding of ions and molecules to metal ion stability of the polyols as
well as the existence of OH-groups entails the re-oxidation to Co2+/Ni2+ [16].

12.2.2 Metal Alloys

The bimetallic NPs show the better data storage capacity as compared to
monometallic counterparts. In the synthesis of FePt metal alloys, platinum and iron
acetyl-acetonates reduce in the presence of ethylene glycol. It has been suggested
that in presence of 1,2-hexadecanediol as the reducing reagent, great quality FePt
NPs are obtained via the reduction of C10H16FeO4 and C10H16O4Pt. The
monodispersed FePt NPs having fcc phase show disordered structure. Upon
annealing the sample at 650 °C under inert argon atmosphere, structural phase
change occurs via disordered fcc to ordered L10 phase. The elemental configuration
is precisely tuned via tailoring the comparative amounts of metal precursors of Fe
(II) and Pt(II) [17]. Also for the preparation of monodispersed FePd NPs, altered
polyol mediated synthesis has been implemented. Paladium acetyl acetonate Pd
(acac)2 is effortlessly dissolved in diphenyl ether. The 1,2-hexadecanediol is used as
a reducing agent, while oleic acid and oleylamine is used as stabilizer. The solution
mixture is heated below the boiling point of diphenyl ether and refluxed [18]. The
as-prepared FePdNPs are annealed for its structural ordering from disordered fcc
phase to L10 ordered phase in vacuum [18, 19]. Fievet et al. have also reported the
synthesis of various other metal alloys such as Ni1−xCox, FeNi, CoxCu1−x, and
FeCoNi [20]. Metal carbides such as Co3C, Co2C, Ni3C have been prepared and
they exhibit high coercivity in magnetic study. These carbides-based alloys have
shown promising applications in data storage [7].

12.2.3 Metal Oxides

This synthesis protocol is effectively extended to synthesize the metal oxides NPs.
Highly water-dispersible Fe3O4NPs are prepared via thermal decomposition of iron
acetylacetonate in the presence of PEG comprising PVP and polyethylenimine
(PEI). Fe3O4 NPs layered with PEG/PVP and/or PEG/PEI displayed an excellent
dispersion constancy in water. The surface of prepared Fe3O4NPs can be modified
by the use of suitable polymer additives [21]. Monodispersed magnetite Fe3O4NPs
are prepared using tri-ethylene glycol (TEG). TEG reduces Fe(acac)3, and finally,
magnetite is obtained [22]. Polyol mediated submicron-size monodispersed ZnO
NPs are prepared via hydrolysis of zinc acetate dehydrate and diethylene glycol
[23]. Feldman and Jungk have reported the highly crystalline monodispersed Cu2O,
TiO2 and Nb2O5NPs via polyol technique. Also Y2O3, Cr2O3, ZnCo2O4, ZnO:In

3+,
CeO2, Mn2O4 NPs have been successfully synthesized for their different aspect of
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applications [24]. Very vast ranges of oxide nano-materials have been prepared via
polyol for their various applications. Oxides such as MnO2, Mn3O4, Cu2O,
NiCo2O4 are used as catalysts, while photocatalytic properties have been reported
for ZnO, Cu2O and BiVO4 [7]. Also magnetic oxides NPs such as Fe2O3, Fe3O4,
Gd2O3, and spinel ferrites such as MgFe2O4, CoFe2O4, ZnFe2O4 are reported for
their biomedical applications. Dye sensitized photovoltaic cells for broad band-gap
diluted semiconductors, namely ZnO, TiO2 have reported. Also high-power bat-
teries applications of the oxides such as V2O5, MnO, Mn2O3, SnO2, CoMn2O4,
LiFePO4, and LiMnPO4 have been reported [25, 26]. The involvements of
hydrolysis and reduction reactions are major chemical reactions during the polyol
synthesis. The micron-size metal particles with tailored morphology are attained in
the deficiency of water, while water entails the reduction and increases the
hydrolysis which thus results information of metal oxides through polymerization.
Poul et al. have reported the layered hydroxide acetate structures of zinc, cobalt, and
nickel metals. Presence of high degree of water contents favors the hydrolysis and
condensation reaction for layered geometry formation. The use of acetate precursors
as compared to its chlorides and sulfates counterparts promotes to the precipitation
of metal, oxides, and hydroxides. The precipitation process majorly depends upon
hydrolysis ratio (water to metal molar ratio is termed as hydrolysis ratio) [27].
Furthermore, Prevot et al. have extended the polyol synthesis route for the synthesis
of layered double hydroxides [Ni2Al(OH)6]Ac∙nH2O‚ and [Co2Al(OH)6]Ac∙nH2O
using acetate precursors in polyol [28]. Molybdates and tungstates AMO4 (A = Ca,
Ba, Sr, Mg, M = Mo, W) derivative compounds are successfully synthesized via
polyol mediated route at ambient temperature. CaWO4 and CaMoO4 show the
intrinsic photoluminescence without any impurity ions doping in its bluish green
region (400–540 nm). After incorporating the Eu3+ and Sm3+ ions in these host
matrices, sharp characteristics f-f transitions of these activators (Eu3+ and Sm3+)
exhibit red color emission. MoO4

2− and WO4
2− act as efficient emission centers

which absorbs the UV light and transfer to the corresponding activator ions, and
strong emission in red region is observed due to energy transfer from MoO4

2− and
WO4

2− to Eu3+ and Sm3+ [29–32]. Highly crystalline and luminescent phosphates
and fluorides-based compound are obtained [33, 34].

Moreover, the polyol mediated synthesis technique is extensively employed for
synthesizing nanostructured chalcogenides. In chalcogenides system, more often
sulfide-based compounds are discussed. Usually, CH4N2S, hydrogen sulfide, or
soluble metal sulfides such as Na2S are utilized as precursors for the source of
sulfur. The polyol mediated synthesized metal chalcogenides have been activated in
contemporary years for its explicit assets and applications in vast domain. The
CuInSe2 and Cu2ZnSnS4 are used in photovoltaic, while In2S3 and SnS are used in
photo-detectors. Also, ZnIn2S4, Bi2Te3, and Sb2S3 are used as photocatalysts,
thermo-electrics, and in lithium-ion batteries, respectively [7].
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12.2.4 Core@Shell Nanomaterials

In polyol mediated synthesis of core-shell nanoparticles such as ferrimagnetic
CoFe2O4 as a core and antiferromagnetic CoO as shell with high degree of crys-
tallinity, giant exchange bias effect is observed. This exchange bias coupling is
impressively employed in memory and switching devices [35]. Two-step polyol
mediated synthesis under N2 gas bubbling is reported for core@shell Cu@Ag NPs.
Since oxidation of copper takes place in the existence of oxygen in the solution,
hence N2 gas is passed to suppress the oxidation of copper via core@shell for-
mation. Reduction of Ag+ is faster as compared to copper oxidation and its
reduction to Ag0 leads suppression of nucleation and growth of Ag NPs [36].
Nguyen et al. have reported the star shaped Fe3−xO4–Au core@shell structured
nanomaterials using polyol synthesis. Fe3O4 core comprised with gold shell has
been prepared via polyol method in which hydroquinone is used as reducing agent.
The prepared core@shell materials are utilized for the chemical sensors [37]. The
bi-functional behavior of highly luminescent core@shell CaMoO4:Eu@CaMoO4

and its hybrid formation with Fe3O4 for its hyperthermia and bio-imaging appli-
cations has been reported [38]. Highly luminescent b-NaY0.8Eu0.2F4@c-Fe2O3

core-satellites NPs are prepared for its dual mode magnetic resonance as well as
bio-imaging applications [39].

12.2.5 Carbon Dots

Recently, carbon dots have attracted a noticeable attention owing to their superior
high quantum yield, less toxicity, and high chemical stability. These properties may
be very useful in bio-imaging and optoelectronics application. Carbon dots may be
utilized in bio-imaging. Also, narrow emission band of red color with blue and
green component covers its utility in full color display. Feldman and his co-workers
reported the preparation of ultra-small carbon dots *3–5 nm via straightforward
and effective polyol route. The presence of MgCl2∙6H2O salts promotes the
nucleation of the carbon dots via thermal decomposition of glycerol, diethylene
glycol, and PEG 400. Further modification of prepared carbon dots with TbCl3/
EuCl3, an efficient Förster resonance energy transfer takes place via the carbon dots
to the lanthanide ions resulting the sharp characteristics emission of terbium ions
(green) and europium ions (red) with a very high quantum yields *85%. The
synthesis strategy and full color display for as-prepared carbon dots and modified
with Mg2+, Tb3+, and Eu3+ have been presented in Fig. 12.2. The highly efficient
multicolored C-dots prepared via polyol route can be very noteworthy for molecular
imaging and optoelectronics [40].
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12.3 Microwave Synthesis (MW) Route

Microwave (MW) synthesis approach is an emerging green chemistry route under
which materials can be prepared to an atomic level. MW route offers to prepare the
multifunctional nanomaterials which establish their profound applications in area of
energy production, nano-biomedicine, nano-electronics, etc. In this approach, the
choice of green solvents as well as energy efficiency is major parameters to control the
NPs growth. Also, MW heating is reflected as a more competent mode to regulate the
heating during reaction process since it requires less energy consumption as compared
to traditional routes. Furthermore, use of ionic liquids with solvent free as well as
nontoxic precursors approach promotes the lucrative green synthesis of NPs. The
synthesis process for the nanomaterials has been dependent on innumerable factors,
namely temperature, pressure, solvents, synthesis time, etc. Shape and sizes of particles
are precisely controlled by MW irradiation [41]. The microwave radiation refers to a
part of an electromagnetic spectrum which has radiation frequencies vary between
300 MHz and 300 GHz. The MW approach accelerates the reactions because polar
solvent molecules absorb MW energy and thus produce tremendous extent of thermal
energy via disturbing the alignment of the molecules with respect to the external field.

In the MW-assisted synthesis, heat up of the reaction mixture is considerably
quicker at ambient pressure as compared to convection-based orthodox heating process.
The chemical reactions, which are not feasible under the conventional heating, can be
executed under like conditions with the MW heating. The experimental findings could
not be well explained by the consequence of MW heating only, promoting the clari-
fication of the continuation of the non-thermal MW properties [42].

Fig. 12.2 Polyol-assisted synthesis of C-dots: a Protocol used for the synthesis; b T/PEG (kexc =
366 nm) exhibits blue color emission; c Mg2+/PEG; gives yellow color emission; d Tb3+/PEG;
provides green color emission and e Eu3+/PEG; reveals red color emission under blue-LED
excitation kmax = 465 nm). Reproduced with permission from RSC publisher [40]
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12.3.1 Principle Behind MW Heating

The MW heating includes two-fold key mechanisms, namely dipolar polarization as
well as ionic conduction. Generally, MW can produce heat to material with polar
molecules and through ionic conduction. During the MW heating, polar solvents
like water molecules attempt to orient with the fast changing alternating electric
field which leads to heat generation by the process of rotation, friction, and colli-
sion. This type of heat generation leads to dipolar polarization. Moreover, ionic
movement into the solution will be dependent on the alignment of the electric field.
The constant movement of ions into solution with changing directions leads to rise
in local temperature via friction and collision (Fig. 12.3b) [43]. In case of con-
ducting and semiconducting, nano-material heat generation takes place by forma-
tion of electric current with involvement of electrons and ions. Energy dissipation in
these systems is mainly because of resistance of the material, and this process is
governed via ionic conduction namely.

12.3.2 Conventional Versus MW Heating Process

Electric furnace and/or oil bath are frequently used in the traditional heating. Firstly,
reactor chambers are heated followed by subsequent heating of reactants via heat
convection and/or conduction mechanism. Reactor plays a mediator role, and it
transfers the thermal energy via outside heat resource to the solvent and finally on
the way to reactants. Sample core proceeds much higher time duration to reach the
set temperature value which causes inefficient and inhomogeneous reactions
(Fig. 12.3a). It may thus not much effective in mass production. Moreover, in MW
heating only target materials heating takes place and homogenous heating can be
done. In this type of heating, entire heating of furnace and oil bath does not takes
place, and thus, it saves time and energy [41].

12.3.3 MW Effect on Rate of Reaction

Specific reactant energy (ER) is required to initiate any molecular reaction between
A and B. For the proceedings of the reaction, the reactants must attain the activation
energy to acquire transition state (TS). Thus, activation energy is indicated by ETS-
ER, and this much energy is engaged by the reactants from the reaction sur-
roundings. Finally, formation of products with lower energy EP is obtained. Use of
MW irradiation does not modify the activation energy. It offers an excessive
impetus to complete the reaction more rapidly as compared to conventional heating.
Since the MW transfers the energy to the molecule in10−9s while the molecular
relaxation takes time in a period of 10−5s, rapid MW energy transfer as compared to
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(d)

Fig. 12.3 a Conventional and MW heating, b dipolar and ionic conduction mechanism, c effect of
MW on reaction medium, and d MW reactor for synthesis of nanomaterials. This is redrawn from
references [41–44]
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molecular relaxation leads to higher instantaneous temperature within the reaction
medium which finally speeds up the reaction rate (Fig. 12.3c) [42].

The un-interrupted flow-type reactor with appropriate pressure allows uniform
heating of the reaction. This reactor is required during this synthesis for its fast and
mass production synthesis of nanomaterials. The constant flow from MW reactor is
outfitted to a high-pressure connection. A uniform electromagnetic field alongside a
tube-shaped reactor is produced at the midpoint of a cylindrical MW cavity
(Fig. 12.3d). The applied MW reactor system comprised of a MW generator has
operating frequency and power 2.5 GHz ± 200 MHz and 100 W. The reactor
system automatically records the change in resonance frequency shift. A radiation
thermometer is employed for the temperature measurement of the reaction solution
via slit of cavity. The pressure to the reaction mixture is maintained via a pump and
guided toward the quartz reactor tube. The pressure regulator is applied to vary the
pressure required. The quartz reactor tube is linked with the sheath that provides the
necessary pressure to sustain *10 MPa and finally closed through a Kalrez O-ring
[44].

The role of solvent during synthesis shows a vital part in the synthesis of
nanomaterials for the green approach synthesis. Generally, MW heating ability
infers the capability of a solvent to change the MW energy into thermal energy at a
specified MW temperature and frequency. The heating ability has been generally
governed by dielectric loss tangent(tan d = e″/e′) where e′ and e″ are dielectric
constants (see in Table 12.3) [45].

The loss tangent mainly relies on the temperature and MW frequency. The
penetration depth profile is strongly dependent on temperature and frequency. The

Table 12.3 Solvents and
their corresponding loss
tangent at 20 °C

Solvents tan d

Ethylene glycol 1.349

Ethanol 0.939

2-propanol 0.800

Methanol 0.660

1,2-dichlorobenzene 0.279

N-methyl-2-pyrrolidone 0.280

1-butyl-3-methylimidazolium hexafluorophosphate 0.190

Acetic acid 0.172

N,N-dimethyl-formamide 0.159

1,2-dichloroethane 0.130

Water 0.119

Chlorobenzene 0.990

Acetone 0.053

Tetrahydrofuran 0.046

Dichloromethane 0.042

Toluene 0.04

Hexane 0.02
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penetration depth states to the point at which nanomaterials preserves 37% of the
primary irradiation source power. The penetration depth decreases as loss tangent
increases. The solvents with low loss tangent show high penetration depth, while
high loss tangent possess small penetration depth. The MW penetration depth
profile through a solvent is given as

Dp ¼ ko
2p

� � ffiffiffi
e0

p

e00

 !

ko is the wavelength of the MW radiation, and its value is observed to be
0.122 m at 2.45 GHz. H2O is frequently utilized solvent for the preparation of
nanomaterials via MW. The penetration depth values at 22 °C for water solvent at
2.45 GHz are 1.8, cm while its value is 0.34 cm at 5.79 GHz MW treatment [41].
Tangent loss for the different solvents used in the MW-assisted route at 2.45 GHz is
mentioned in Table 12.3 [46]. During the MW supported inorganic nanostructure
materials, H2O (tan d = 0.119) and alcohols are widely utilized for their good MW
heating. Polyol such as EG has loss tangent tan d = 1.349 and high boiling point
(*197.9 °C) with strong reducing capability, allow fairly elevated temperatures for
the synthesis of inorganic nanostructured materials. The dielectric behavior of
solvents generally alters considerably with respect to temperature. Solvent such as
ethanol exhibits decent MW absorbing property with loss tangent 0.94 at room
temperature. Moreover, loss tangent decreases from 0.27 to 0.08 as temperature
rises from *100 to 200 °C. Heating involved during MW synthesis using ethanol
solvent is mainly due to the dipolar polarization phenomena. The MW absorbing
property decreases as temperature increases. The rise in temperature decreases the
viscosity and frictions among the molecules [47].

In case of ionic liquids such as 1-butyl-3-methylimidazolium hexafluorophos-
phate, heating takes mainly due to the ionic conduction phenomena. The MW
absorbing property increases with rise in temperature in case of the ionic liquids [8].

12.3.4 Synthesis of Metal NPs

The metallic nanostructures with different morphologies, namely sphere, nanosh-
eets, nanorods, nanowires, nanotubes, and dendrites have been quickly synthesized
via MW heating. The morphology as well as dimension of metallic NPs might be
precisely organized by varying the reaction mixture condition such as precursors
concentration, proper selection of the solvent, surfactant, and reaction temperature
[48]. Green MW approach is employed for the synthesis of noble metals, namely
Au, Ag, Pd, and Pt, nano-particles using red wine and/or grape pomace extract
which play the role of green solvent source, reducing as well as stabilizing reagent
[49]. Reducing agent free MW-assisted Au NPs is prepared using HAuCl4 in
aqueous phase. Synthesized gold NPs show aggregation and uncontrolled growth
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[50]. MW-assisted hydrothermal approach is applied for the folic acid targeted Au
NPs using HAuCl4 and NaOH. The folic acid targeted Au nanoparticles is used for
detection of Hela Cells since tumor cells over express as the folate receptors to the
cancer cells [51]. Rapid MW supported approach is reported for the synthesis of
monodispersed Ag NPs. During the synthesis, basic amino acid like L-lysine or
L-arginine is used as a reducing reagent while starch is used as a shielding agent. In
a typical synthesis process, 0.4 mmol of soluble starch and 0.16 mmol of L-Lysine
or L-arginine are added to 4.0 mL of deionized water followed by addition of
20 mmol aqueous solution of AgNO3 and stirred. The temperature of reaction
mixture is kept at 150 °C under MW irradiation. Monodispersed Ag NPs are
obtained in a very short period of time *10 s [52].

Colloidal Pt NPs are prepared by an aqueous solution comprising H2PtCl6 and
3-thiophenemalonic acid under MW irradiation (power *300 W) for 8 min.
duration. NPs size has been organized through adjusting the molar ratio of the
reaction precursors [53]. Pt nanoclusters with a porous interconnected nanostructure
are attained via MW heating to an aqueous solution containing K2PtCl4 and 2-[4-
(2-hydroxyethyl)-1-piperazinyl]-ethane sulfonic acid for 12 s only. The Pd NPs
have been prepared under MW heating in quick time 20 s only, using PdCl2,
glucose, and PEG as a capping agent in aqueous solution [54]. MW-assisted single
crystal Cu nanowires at 120 °C for 2 h is prepared by using CuCl2, hexadecy-
lamine, ascorbic acid into water. Ascorbic acid as well as hexadecylamine play
significant role in controlling morphology and aspect ratio of Cu nanowires [55].
MW approach is further extended for the preparation of luminescent silicon QDs.
During synthesis of Si nano-wires, glutaric acid is used at 185 °C for 15 min.
Highly luminescent, dispersible and photo as well as pH stable Si quantum dots
show their potentiality for the relevance in cellular imaging [56].

12.3.5 Metal Oxides

Substantial work has been dedicated to MW-assisted synthesis of numerous metal
oxides owing to its remarkable properties, extraordinary constancy as well as
extensive applications in various arenas. MW-assisted syntheses of metal oxide
nanomaterials involve a water-soluble metal salt as the metal source, an alkaline
component and a surfactant to govern the morphology and dimension of the
nanomaterials. MW-assisted synthesized metal oxides such as ZnO, SnO, SnO2,

TiO2, Fe3O4, Co3O4, CuO, MnO2, ZrO2, WO3, MoO3, CeO2, Nd2O3, and Y2O3 are
reported [57–70]. Also metal tungstates such as AWO4 (A = Ca, Sr, Ba, Fe, Co, Ni,
Mn, Zn, Ag/In), gallate ZnGa2O4, spinel metal ferrites AFe2O4 (A = Mg, Zn, Ni,
Mn, Co), metal aluminates MAl2O4(M = Zn, Co), perovskites BiFeO3,
ATiO3(M = Ba, Sr, Pb), metal molybdates AMoO4 (M = Ba, Ca), and metal
vanadates MVO4 (M = Bi, Ce, Y, La) are also explored [41].

Fe3O4 is a significant magnetic functional material and has been found its
profound applications in diverse areas of research such as contrast agent in MRI,
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hyperthermia, gene separation, drug delivery, etc. [71, 72] Under MW irradiation,
Fe3O4 NPs have been generally prepared by means of Fe(III) salt and/or salts of Fe
(III) and Fe(II) dissolved in the water and a reducing agent present in an aqueous
phase [73]. Also, surfactant free Fe3O4 NPs are prepared using an oxidized iron foil
such as Fe2O3 into deionized water. During synthesis, no additive like alkali, acid,
or surfactant is used. Homemade MW oven at 700 W fixed operating powers for
30 min is applied during synthesis. The as-synthesized Fe3O4NPs exhibited mag-
netization of Ms * 51.29 emu g−1 [74]. The MW-assisted approach for prepara-
tion of Fe3O4NPs is reported by using an aqueous solution containing FeCl3,
FeSO4, and ammonia [73]. Also, iron oxide/oxyhydroxide NPs have been syn-
thesized under MW irradiation. The well-ordered growth as well as assembly of
NPs are commonly observed due to gentle reaction of the reactants (iron salt and
sodium hydroxide) [75].

12.3.6 Metal Chalocogenides

Functional metal sulfides nanomaterials have shown their significant uses in
optoelectronics and nanomedicines as a carrier drug, bio-imaging, etc. [76, 77].
MW approach assists the fast production of metal sulfide nanostructures and has
triggered a great deal of interest owing to its small processing time. Generally,
water-soluble metal precursors are used as sulfur source during MW-assisted sulfide
synthesis in aqueous phase. Surfactant is used to control the precise size and
morphology of particles. Nanostructured metal sulfides are prepared with different
shapes and sizes of particles via MW-assisted approach in aqueous solution such as
PbS, CuS, CdS, ZnS, Ag2S, Bi2S3, HgS, AgInS2, AgIn5S8, CuInS2, and CdIn2S4
[78–88]. The most common sulfur sources used during the metal sulfide synthesis
in aqueous solution comprised of Na2S, CS2, Na2S2O3, NH2CSNH2,
NH2NHCSNH2, CH3CSNH2, and 3-mercaptopropanoic acid [41]. The synthesis of
metal telluride nanomaterials is still tricky related to its metal selenides counter-
parts. CdTe is an important class of semiconductor material which has wide
application in solar cell and in infrared optical window. The p-n junction solar cell
is formed via sandwiching CdTe with CdS. The conventional aqueous solution way
to prepare the CdTe nanocrystals generally takes prolong time duration.
During MW synthesis, NaHTe is normally used as the source of tellurium.
High-quality nanocrystal of CdTe is reported via MW-assisted synthesis. An
aqueous solutions consisting of CdCl2, NaHTe, 3-mercaptopropionic acid, and
NaOH are used. During synthesis, high yield of the product is simply attained by
tuning the reaction time and temperature. This approach permits the fast synthesis
of CdTe nanocrystals with wide spectral range covering from green to NIR at lower
temperature ranges [89]. MW-assisted metal selenides nanostructured materials are
less reported as compared to nanostructured metal oxides and sulfides. It is perhaps
due to high cost metal precursors, a lesser amount of availability of selenide
sources, and difficulties in the synthesis. The quickness of MW-assisted route is
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more notable for metal selenides with considerably less reaction time period up to
minutes. MW synthesis of CdSe, PbSe, and Cu2Se NPs is reported by taking metal
acetates and/or sulfide precursors under refluxing conditions with Na2SeSO3 into
aqueous solution. Crystal structure of CdSe NPs is reliant on the reaction time
duration under MW irradiation. CdSe nanocrystal exhibits cubic phase for MW
heating of 10 min; while for prolong duration time of 30 min of MW irradiation,
hexagonal CdSe nano-crystal is obtained [90].

12.3.7 Core@Shell Structure

As for as controlled size and shape of particles, synthesis of nanomaterials and
tailoring their properties at nano-scale are concerned, and core-shell strategy has
been employed by simple coating of organic and/or inorganic nanomaterials.
Core@shell formation of the nanomaterials decreases the surface energy of the
arrangement. Outer shell coated over inner core materials exhibit significant role to
advance the reactivity and oxidation ability of the interior core manufacturing.
Core@shell anomaly comprises inner inorganic core covered by outer shell forms
the heterogeneous system [91]. Core@shell nanostructured materials are synthe-
sized via MW-assisted route in aqueous solution. Au@Pd and Au@Pt structures are
attained through the reduction of Au(III) complexes. The reduction of
chloro-complexes of Au and nano-powders of Pd and Pt takes place under
hydrothermal, and MW irradiation leads to the realization of bimetallic core@shell
structure [92]. Also Se@C core@shell nanostructure is obtained using starch and
H2SeO3into deionized water under MW-assisted hydrothermal process. The pre-
pared product comprised of Se nano-rod as the core and amorphous carbon as the
shell materials [93]. Pd@Pt core@shell nanostructures in aqueous solution are
synthesized using K2PtCl4, PdCl2, and CTAB under MW irradiation. Morphology
of the core@shell nanostructures is precisely organized by changing the Pt and Pd
molar ratio of precursors [94]. Rapid, modest, and one step MW supported
approach to formulate the gold coated with silica shell NPs(Au@SiO2) has been
reported. This approach circumvents the time wasting orthodox routes (Fig. 12.4).

The MW-assisted scheme deals with the uniform SiO2 coating over the colloidal
AuNPs, exploiting silane as the coupling reagent. Monodispersed AuNPs (particle
size *16 nm) are obtained by employing citrate reduction approach. The
tetra-ethoxysilane TEOS is used during the silica coating as coupling reagent under
the MW irradiations. Dynamic light scattering results the excellent dispersion of the
prepared NPs in aqueous medium. Additionally, surface functionalization of
silica-coated AuNPs (Au@SiO2) is perfumed via conjugation of different functional
assemblies as amine (–NH2), carboxylic (–COO) and alkyl groups [95].
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12.3.8 Hollow-Type Structure

In recent times, the hollow-archetype structures comprised of inorganic and/or
organic composites have fascinated a lot of attention owing to their low density,
enormous surface area, and induced large porosity in the sample surface. These
assets of hollow structured materials could find their powerful applications in
diverse research zones such as catalysis, super capacitors, sensors, drug delivery
and microcapsule reactors, etc. [96–99]. The conventional heating-based engi-
neering tactics are broadly introduced to synthesize the hollow-type designs of
inorganic nano-materials. Moreover, these routes involve precious metal precursors
and long duration reaction time. Thus, MW-assisted approach has been admitted for
the synthesis such hollow-types design due to its remarkable highlights such as
uniform volumetric heating, fast reaction rate, and energy consumption [100]. The
hollow porous carbon sphere is synthesized via MW-assisted method and possesses
the following such as amorphous phase of porous structure, uniform size, high pore
volume, and highly dispersed, which are used as anode materials in lithium-ion
batteries [101].

12.4 Hydro- and/or Solvothermal Approach

Hydro- and/or solvothermal process is a wet-chemical synthesis approach com-
monly implemented for preparing nanomaterials with precise particle size, shape,
and composition. During the synthesis, high vapor pressure is generated by the
consequence of heating of the reaction mixture in a sealed vessel above the ambient
temperature and pressure. The discrete feature of hydro and/or solvothermal

Fig. 12.4 TEM Micrographs of a Au NPs b–h Au@SiO2NPs with various silica shell thicknesses
with varying concentration of TEOS 1, 2, 3, 5, 10, 15, and 20 nm. Reproduced with permission
from Elsevier publisher [95]
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treatment is the deployment of capping ligands to control the growth of the particles
during synthesis and prevent the agglomeration of the nanomaterials in solutions.
The chelating ligands associated with surface of particles can provide versatile
functional groups for bio-conjugation. The limitation of the hydro- and/or
solvothermal method suffers scalability of the product preparations as well as
limiting operating temperature at 300 °C into a Teflon line autoclave (Table 12.4).

Nanomaterials production through hydrothermal/solvothermal approach in
aqueous solution involves crystal nucleation followed by growth. The nanomate-
rials can be prepared into desired shape, size, and morphology of particles by tuning
the reaction parameters such as temperature, pH, precursors concentrations, and
surfactants as additives. The mechanism governing the controlled shape, size, and
morphology of particles via varying the reaction conditions is large due to nucle-
ation and growth rates which rely on supersaturation. The term supersaturation is
distinct as the proportion of the real concentration to the saturated precursor con-
centration into the solution [103, 104].

When the solute precursor solubility exceeds its maximum value into the
solution, resulting solution becomes supersaturated thus promoting the nucleation.
The synthesis process is completely irreversible one in which precipitation of the
solute leads to the nucleation of macroscopic size crystals [105]. After nucleation,
the sequential growth of crystals takes place. The growth of crystals involves the
integration of growth units. The growth units correspond to the similar crystal
entities exhibiting the identical and/or dissimilar structure from the precursor
solution resulting in an increase in sizes. The schematic representation of the
involved mechanisms of crystal growth via hydrothermal/solvothermal methods has
been shown in Fig. 12.5. Since plentiful availability, less toxicity, and an elevated
dielectric constant are required, and water has been frequently utilized solvent in the
hydrothermal/solvothermal routes. In this technique, the values of critical temper-
ature and pressure of water are *374 °C and *22 MPa. The variation in tem-
perature and pressure infers the changes in the property of water. This change is
even more profound above its critical point value. At room temperature, the
dielectric constant value for water is 78. The high value of dielectric constant
promotes the dissolution of polar salts into it. In the critical zone, the dielectric
constant of water decreases (*10) via increase in temperature and decrease in

Table 12.4 Characteristics of usually employed solvents during hydrothermal and/or solvother-
mal approaches [102]

Solvent Formula Critical temperature (°C) Critical pressure (MPa)

Water H2O 374 22.09

Ethylenediamine H2N–C2H4–NH2 319.88 62.09

Methanol CH3OH 239.19 8.09

Ethanol C2H5OH 241.09 6.09

Toluene C7H8 320.59 4.19

Ethanolamine HO–C2H4–NH2 398.24 8

12 Synthesis of Nanostructured Materials by Thermolysis 351



pressure. The dielectric constant value drops considerably in the range *2 to 10
above its critical point [106]. The striking change in the dielectric constant results in
an extremely reduced solubility of solute resulting into supersaturation in the
solution and thus nucleation and growth of crystal takes place. The low dielectric
constant of water allows the dissolution of organic compounds in the supercritical
water. Similar tendency has been also observed for solvothermal systems.
Non-aqueous phase organic solvents have been extensively used in the solvother-
mal synthesis. The organic solvents such as methanol, 1, 4-butanediol, toluene, and
amines are usually used in the solvothermal route. The solvothermal synthesis can
be processed at comparatively lower temperature and pressure as compared to the
hydrothermal approach. Moreover, sensitive precursors to water can be easily
tackled into solvothermal route. However, morphology and crystal phase of the
prepared compound can be easily tailored through this route [107].

12.4.1 Synthesis of Nanomaterials via Hydrothermal and/
or Solvothermal Approaches

Nanomaterial with manageable morphology, size, crystallinity of particles, and easy
way of surface functionalization has attracted widespread research courtesy due to
their unique optoelectronic, magnetic, and thermo-mechanical properties.
Nanomaterials possess high surface to volume ratio in particles, and quantum
confinement effect in semiconductor mainly governs the properties of the nano-
materials. In quantum confinement effect, the particle sizes are squeezed below to
its Bohr radius. In order to synthesize the nanomaterials, the hydrothermal and/or

Fig. 12.5 Schematic representation of crystal growth mechanism for the hydro- and/or
solvothermal processes. This is redrawn from references [103–106]
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solvothermal synthetic routes are reflected as the most favorable tactics. In these
techniques, controlled shape and size of particles, and exceedingly crystalline with
high yield of nanomaterials at low cost is produced. Furthermore, these routes can
be interconnected with MW to get the high quality nanocrystals with enhanced
reproducibility.

12.4.2 Metal Oxides NPs

Metal oxide NPs are significantly useful materials due to their exceptional prop-
erties. These metal oxide NPs are typically utilized in a variety of research fields
such as in catalysis, ceramic, optoelectronics, and so forth. In solvothermal tech-
nique, smaller size metal oxide NPs are prepared at comparatively lower temper-
ature as compared to its hydrothermal approach [108]. Various metals oxides NPs
such as Al2O3, CuO, c-Fe2O3, CoFe2O4, CeO2, NiO, ZrO2, TiO2, BaTiO3, and
SrTiO3 are synthesized via hydro- and/or solvothermal approaches. Furthermore,
the hydrothermal and solvothermal approaches are employed for the synthesis of
ZnGa2O4, BaZrO3, and LiNbO3 [107, 109]. Persistent luminescence properties of
Cr doped ZnGa2O4 have been reported for the hydrothermally synthesized sub
10 nm particles [110]. TiO2 is widely studied metal oxide NPs for its photocatalytic
properties. The oxide NPs prepared via these routes exhibit high crystallinity,
precisely controlled particle shape, size which determines their advanced applica-
tions. Semiconductor metal chalcogenides nanomaterials are widely used in opto-
electronic devices and in photovoltaic. The chalcogenides nanometrials comprised
of ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe, CuInSe, Cu2−xSe, AgInS2, and AgGaS2 are
reported via hydrothermal approach [107]. Ultra-small (*4 nm) hexagonal ZnS
nanosphere has been synthesized using tetra-pyridine–di-thio-cyanato-zinc precur-
sor into ethylene glycol via solvothermal route. During the synthesis, the increase in
reaction temperature (160, 180, 200 °C) fetch bigger size ZnS nanospheres (200,
350, and 450 nm) [111]. Solvothermal synthesis of monodispersed Mn-doped ZnS
nanospheres is reported. During the synthesis, ZnCl2, MnCl2, and sulfur powders
are used as the precursors in oleic acid [112]. The hydro-solvothermal route has
been further extended to synthesize ZnSe nanocrystal in form of quantum dots,
nanorods, nanoplates, and in bulk form. ZnSe as well as ZnTe NPs are prepared
through a solvothermal technique. During the synthesis, less toxic metal precursors
are utilized as compared to the conventional chemical vapor deposition technique.
The metal precursors Zn(CH3COO)2, ZnSO4, and/or Zn powders, Se, Te powders
and/or Na2SeO3, and Na2TeO3 are used as Zn, Se, and Te sources during synthesis.
The frequent solvents used during the synthesis generally contain ammonia, tri-
ethylamine, ethylenediamine, and hydrazine as well. The pH of the reaction mixture
is maintained at *10 [107, 113]. Highly ordered CdS sphere is synthesized via
solvothermal route using Cd(NO3)2 as metal precursors, thiourea as S source, while
polyvinylpyrrolidone (PVP) functions as a capping agent. Surfactant PVP provides
the needed nucleation sites during nanocrystal growth. Higher concentration of PVP
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entails more accessible nucleation sites promotes the NPs growth and consequently
leads to small size NPs. This method has been also extended for the preparation of
other sulfides like HgS, Ag2S, and Bi2S3. During the hydrothermal and/or
solvothermal synthesis of CdS NPs, thioglycolic acid and dithioglycol have been
used as S sources [107, 114]. The compounds based on nitrides, arsenides, and
phosphide having direct band-gap semiconductors are extensively applied in light
emitting diodes, lasers, photo-detectors, optical amplifiers, etc. In light emitting
diode (LED) application, commercially available GaN chip is used for illumination
purpose [115]. Xie and his co-workers first reported the solvothermal synthesis of
GaN compound. Polycrystalline GaN has been synthesized via solvothermal route
using GaCl3 and Li3N precursors in benzene at 280 °C for 6–12 h. The absence of
quantum confinement in GaN is attributed to its large size (*32 nm) as compared
to its Bohr exciton radius (*11 nm). The innovative benzene solvent tactics has
been executed at relatively lower temperature than that of traditional routes [116].
Moreover, GaN NPs have been synthesized using anhydrous ammonia as a solvent.
Anhydrous ammonia has been condensed in a quartz tube containing the reactants
Ga metal, GaI2, and/or GaI3 as Ga sources while NH4I, NH4Cl, or NH4Br are added
to produce the GaN. During the ammonia thermal synthesis of GaN, temperature
plays a decisive role. Cubic phase amorphous GaN can be prepared when the
growth temperature is *300 °C. When growth temperature is kept at 440 °C,
hexagonal phase GaN is obtained [117]. Furthermore, other metal nitrides such as
NbN, ZrN, HfN, and Ta3N5 are synthesized using NbCl5, ZrCl4, HfCl4, and TaCl5
as the metal precursor along with LiNH2 as the nitriding reagent. By using benzene
solvothermal reaction, highly crystalline Ta3N5, ZrN, HfN, and NbNNPs of
changeable sizes can be synthesized [118].

12.4.3 Hydrothermal Treatment for Hollow Structures

Hollow structured nanomaterials such as hollow carbon sphere and mesoporous
carbon spheres are of prime interest and widely applied in catalysis, bio-imaging,
and drug delivery, lithium-ion batteries, fuel cells, sensors, etc. [119]. Low tem-
perature hydrothermal approach is further used for the preparation of carbonaceous
NPs. Highly biocompatible as well as economically viable precursors such as sugar,
glucose, cyclo-dextrins, fructose, sucrose, cellulose, and starch have been used
during hydrothermal synthesis of carbon NPs [120]. Generally, hydrothermally
synthesized carbon NPs are spherical in nature. Reaction temperature plays a
decisive factor in formation of carbon spheres. Carbon spheres of different diam-
eter *0.2, 0.5, 0.8, 1.1, and 1.5 lm are produced using 0.5 M glucose as the
carbon source and setting the reaction time and temperature of 2, 4, 6, 8, and 10 h
and 160 °C, respectively. Growths of these NPs are consequence of dehydration,
condensation, polymerization as well as aromatization processes. The reaction
temperature range generally occurs from 150 to 350 °C, while synthesis time is
generally set in between 4 and 24 h. Based on the precursors used during the
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synthesis, the diameters of the synthesized NPs may diverge from 100 nm to few
microns. The hollow carbon NPs have been synthesized using mesoporous or
nonporous silica templates. Ultimately, selective etching of carbon NPs deposited
onto mesoporous and/or nonporous silica templates promotes the formation of
hollow carbon spheres (shown in Fig. 12.6) [121].

Wet aptitude of the surface of templates plays an extremely vital role. When the
surface of the templates is not wetted by the precursor, then nonporous carbon NPs
is obtained. Likewise, this route is comprehensively used for the synthesis of
composite carbonaceous NPs. The composite carbonaceous NPs can be prepared
via simple mixing of the metal precursors such as Ag, Pd, Se, and/or metal oxides
as Fe3O4 and SnO2 with a carbon source [122]. Silicon and germanium are sig-
nificant semiconductor metals mainly due to their vast applications in optoelec-
tronic devices. In order to synthesize crystalline silicon and germanium NPs via

Fig. 12.6 (A) and (B) represent the schematic representation of the hydrothermal carbonization
process using silica templates with different polarities, resulting in the formation of various carbon
morphologies. This is redrawn from Refs. [120, 121]
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hydro- and/solvothermal approach, a very high reaction temperature is kept.
Solvothermal decomposition of tetra-ethyl germanium results the formation of the
reduced crystallinity of germanium NPs. The decomposition can be executed at
higher temperature in the presence or absence of surfactants into organic solvents
and/or super-fluidic solvents such as CO2. The surfactants involved during syn-
thesis lead the nucleation and crystal growth via reverse micelles formation. Also
surfactants permit not only the precise control over the morphology of the ger-
manium NPs, but also stabilize the synthesized NPs [123]. Germanium nanocubes
of 100 nm edge length via hexane solvothermal route have been prepared using
heptaethylene glycol monododecyl as a surfactant. The same molar ratio of GeCl4
and phenyl-GeCl3 is employed as germanium precursors. Herein, Na metal sprin-
kled in toluene is used as the reducing reagent. The reaction mixture has been
heated at 280 °C for 72 h in a hydrothermal reactor. Highly crystalline as-prepared
germanium nanocubes with diamond cubic structure is observed. The synthesized
germanium nanocubes consist of multi-slighter nanocubes that are linked to the
surface-adsorbed surfactant NPs [124]. When the surfactant is replaced by pen-
taethylene glycol ether, a combination of spherical, triangular, and hexagonal Ge
NPs is observed (diameters *15 to 70 nm). By adjusting the surfactant amount,
the shape of germanium NPs can be tailored. The germanium spheres with average
diameters of the range *6 to 35 nm have been obtained for the decreased volume
of surfactant *1.8 to 0.6 ml. The yield of the germanium NPs is mostly influenced
by the reaction time period. Prolong heating time during solvothermal treatment of
the reaction mixture *4 to 12 h increases the yield of the product. On the other
hand, the size and crystallinity of NPs does not depend on the reaction time. It is
due to the presence of the capping reagents into the reaction medium. In the similar
fashion, solvothermal approach is also employed for the synthesis of Si NPs [107].

12.4.4 Metal Nano-particles Synthesis via Hydro/
SolvoThermal Routes

Metallic NPs exhibit numerous fascinating properties, namely optical, electronic,
magnetic, etc. Using these unique properties, these NPs have been applied in
diverse area of research such as in catalysis, sensors, and memory devices. By using
wet chemistry routes, controlled shape-size synthesis of metal NPs is obtained via
suitable use of reducing and capping agents. Moreover, precise control over NPs
and crystallinity is poor. Hydrothermal and/or solvothermal routes assure superior
control over morphology and crystallinity as compared to wet-chemical routes.
Ultra-small *1.7 nm Pt NPs are prepared by employing an ethylene glycol
solvothermal route in basic medium. Here, ethylene glycol acts as solvent as well as
a reducing agent. H2PtCl6∙6H2O is used as Pt metal precursor during synthesis. The
reaction mixture temperature is kept at 160 °C for 3 h [125]. The EG solvothermal
route is further extended for the preparation of Ag NPs. In a typical synthesis of Ag
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NPs, AgNO3 is added into suitable amounts of toluene, EG, and dodecylthiol and
kept in the reactor at 160–170 °C. The prepared Ag NPs exhibit an ordered
spherical shape (average diameter *10 nm). Thiol used during the synthesis acts
as a complexing reagent, while ethylene glycol functions as reducing agent. By
adjusting ethylene glycol to thiol ratio *3 to 1.5, the morphology of the Ag NPs
shows remarkable change in the morphology. Ag NPs show spherical to rectangular
shape morphology with a somewhat decreased diameter *6 to 10 nm [126]. DMF
solvothermal approach has been employed to grow Ag and Au NPs. In addition to
EG and DMF, other reducing agents such as NaBH4, N2H4, NH2OH, and ethanol
have also been used to prepare metal NPs [127]. DMF solvothermal method has
been utilized for the synthesis of Pt-Ni alloy system. Platinum
(II) 2,4-pentanedionate and nickel (II) 2,4-pentanedionate are used as precursors for
Pt and Ni metals, respectively. During the synthesis, 30 mM Pt(acac)2 and 10 mM
Ni(acac)2 concentrations have been dissolved in DMF. The reaction mixture has
been placed in an electrical furnace at 200 °C for one day. Temperature below
200 °C, decomposition of Ni(acac)2 has not been completed, as-prepared
platinum-nickel alloy NPs show high crystallinity. The average diameter of alloy
NPs is *10–13 nm. By tuning the metal precursors ratio, different sizes NPs are
obtained for the bimetallic Pt–Ni alloy. The similar approach can be utilized for the
synthesis of Pt–Co and Pt–Fe bimetallic alloys NPs [107].

12.4.5 Metal Organic Framework (MOF) NPs

MOFs are promising functional nanomaterials which attracted a great deal of
attention owing to their potential applications in hydrogen storage, catalysis,
bio-imaging, drug delivery, sensors, etc., gas separation and proton exchange
membranes, etc. MOFs consist of a chain of hybrid nonporous crystalline nano-
materials comprised of metals and organic linkers with pore sizes of *0.4 to 6 nm
[128–131]. MOFs are usually prepared through hydrothermal and/or solvothermal
routes. Gentle temperature and pressure are used during MOF NP synthesis to keep
away from decomposition of organic ligands. MOF NPs for biomedical use are
highly demanding. The surfactant free MOFs NPs growth is performed via an easy
solvothermal route. Solvothermal synthesis of Fe(III) MOF NCs with an organic
framework Fe3-(l3-O)Cl(H2O)2(BDC)3 has been prepared via taking equal-molar
FeCl3 and BDC in DMF under MW heating at 150 °C [132]. The MW heating
promotes smaller NPs. The NPs thus obtained are highly crystalline octahedral with
an average diameter *200 nm. Furthermore, MOF NPs are targeted and func-
tionalized with dye molecules for cellular imaging. Also, these MOFs can be used
as anticancer pro-drugs for tumor therapies. Though these functionalized NPS are
not stable in a physiological atmosphere, post-synthesis coating of the MOF NPs
with silica layer resolves the stability issue. Surfactant-assisted hydrothermal syn-
thesis has been employed under the presence and absence of microwave heating to
synthesize the paramagnetic Gd(III) MOF NPs. As-synthesized MOF NPs show
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high crystallinity. When the reaction is carried out at room temperature, only
amorphous GdMOF NPs can be obtained because the nucleation rate is too rapid
and dominates the NP growth. The MOF NPs obtained under microwave heating
have a formula of [Gd2(bhc)(H2O)6] MOF NPs. The synthesized Gd(III) MOFs can
be applied to magnetic resonance imaging [133]. Similar hydrothermal approach
has been utilized to synthesize Tb (III), Eu (III), and Mn(II) MOF NPs. MW
heating, temperature of reaction mixture, and ratio of water to surfactant ratio
impart the noteworthy effects over morphology of the synthesized MOFNPs. Lower
synthesis temperature and a higher ratio of water to surfactant lead to the devel-
opment of nanorods, while greater temperature and MW heating promotes the
formation of shorter nanorods or octahedral NPs [107].

12.5 Sonochemical Synthesis

Nanostructured materials open a new realm of diverse applications such as opto-
electronics, catalysis, sensing, water splitting, and in medical diagnostics.
Nanomaterials exhibit distinct properties as compared to its bulk. The character-
istics of the nanostructured materials are heavily dependent on synthesis process by
which they have been prepared. Therefore, it induces an interest among the
materials scientists to develop the easily adaptable synthesis methodologies to
prepare the varieties of nanostructured materials. Among the various synthesis route
available such as photo and wet chemistry, hydrothermal and flame pyrolysis for
the materials synthesis, ultrasound-based nanomaterials gained a lot of attention for
its multi-dimensional applications [134]. Ultrasonic wave serves as an efficient
energy source for synthesis of organo-metallic and inorganic materials which found
their profound applications in organo-metallic chemistry and industrial manufac-
turing [135]. This synthesis approach provides high temperature as well as
high-pressure synthesis conditions. It covers a vast range of reaction condition
which is not feasible with other pre-existing techniques. Sonochemistry involves
the utilization of ultrasound energy with frequency (m) range *15 kHz to 10 MHz.
This approach provides unique pathways to prepare the compounds in a simple and
easily accessible at high temperature and pressure. Ultrasonic waves predominantly
cause cavitation in an aqueous medium followed by formation, evolution, and
breakdown of micro bubbles. An ultrasonic energy initiates the formation and
growth of bubbles to a solution containing chemical precursors followed by dif-
fusion of the precursor vapor. After reaching the bubble size to its critical limit, the
bubble collapses and generates shockwaves.

At specific conditions, overgrowth of a micro bubble can take place and later
breakdown which finally liberating the energy deposited in the bubble at a very
short time duration. The chemical reaction process takes place under fast heating
and cooling rate >1010 K s−1. The cavitational collapse leads to a very high tem-
perature (5000 K) and pressure (1000 bar). This collapse process is almost adia-
batic in its preceding stages which are mainly accountable for the extreme
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environments representative of sonochemistry [136]. Remarkably, such unusual
environments are not resulting straightway from ultrasound since acoustic wave-
lengths have far longer value as compared to the molecular sizes. Therefore, there is
an absence of any straight molecular-level interface between ultrasound and the
elementals pieces. The phenomenon of acoustic cavitation occurs via development,
evolution, and implosive breakdown of bubbles in liquid phase. The cavitation
process under highly intense ultrasound is accountable for the chemical effects of
ultrasound [137]. Under ultrasound irradiation, sinusoidal expansion and com-
pression of acoustic waves form the cavities and allow the bubble oscillation. The
oscillating bubbles collect the ultrasonic energy and finally grow to a critical size.
Under these thrilling environments, emission of light occurs. The emission of light
under sonochemical irradiation is termed as sono-luminescence [138]. The reaction
involved in ultrasonic system comprised of a power source, a piezoelectric trans-
ducer with electrodes, a Ti horn bearing stainless steel collar, reaction mixture
container, and a bath chamber. Highly intense ultrasonic titanium horn with
piezoelectric transducer is preferred for the lab-scale sonochemical reactions
(Fig. 12.7). Ultrasonic horn provides 10–100 W acoustic powers during sonication
to the liquid solution. The cavitation procedure happens over a wide spread range of
frequencies (10 Hz to 10 MHz). The common alternate to ultrasonic horn in the
synthesis set up into laboratory, and ultrasonic cleaning baths are used. The power
density of ultrasonic cleaning baths is governed by a small input power as com-
pared to power produced by an ultrasonic horn. Cleaning baths are frequently trivial
for many sonochemical reactions. Moreover, it can be helpful for the study of the
substantial effects of ultrasound on very reactive metals such as lithium or mag-
nesium producing emulsions which promotes the suspensions of solids and exfo-
liating layer structured nanomaterials.

Fig. 12.7 Typical high
intensity ultrasonic set up for
nanostructured synthesis. This
is redrawn from references
[136–138]
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Metal, metal oxide, sulfide, and alloy NPs are prepared by sonochemical syn-
thesis approach using aqueous and non-aqueous solutions. The structural, opto-
electronic, magnetic, and electrochemical assets of metallic NPs have the emphasis
of contemporary research accomplishments. Under sonochemical route synthesis,
particle undergoes to exhibit different morphologies such as spherical, rod, wires,
hollow, layered type structure 2D materials, etc. [139].

12.5.1 Metal NPs Synthesis via SonoChemical Route

In literature, sonochemical synthesis of nanostructured metallic noble NPs as Au,
Ag, Pt, and Pd is explored. The sonochemical reduction of noble metal salts has
advantages above other existing old-fashioned reduction methods such as sodium
boro-hydride, hydrogen, and alcohol, etc. In this synthesis, involvement of reducing
agent is not required. Hence, the reaction rates during the synthesis are rationally
fast which finally leads to the formation of metal NPs [140–142]. The water
molecules under sonolysis generate H∙ radicals which function as reductants.
Moreover, 2-propanol as organic additive is incorporated to generate a secondary
radical species. The secondary radical species can considerably endorse the
reduction rate. The detailed process of metal preparation via sonochemical route has
been demonstrated as [140]:

H2O ! H � þOH� ð12:1Þ

H � þ H� ! H2 ð12:2Þ

H � þOH� ! H2O ð12:3Þ

RHþ OH � or H�ð Þ ! R � þ H2O or H2ð Þ ð12:4Þ

OH � þOH� ! H2O2 ð12:5Þ

Au IIIð Þ; Ag Ið Þ; Pt IIIð Þ; Pd IIIð Þ þ H � or R� ! Au 0ð Þ; Ag 0ð Þ; Pt 0ð Þ; Pd 0ð Þ
ð12:6Þ

nM 0ð Þ ! Mn M ¼ Noble metalð Þ ð12:7Þ

The sonochemical reduction of noble metals involved tedious reduction process.
The consequence of several factors, namely time, concentration, and ultrasound
frequency, with diverse organic additives to control shape, and size of particles has
been reported. It is reported that particle size obtained during sonolysis is inversely
reliant on alcohol concentration as well as alkyl chain stretch. It has been thor-
oughly linked to the circumstance that alcohols adsorbed on the surface of metallic
NPs stabilizes and furthermore confine the nucleation rate [140]. Highly
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monodispersed gold nanodecahedra under ultrasonic irradiation with elevated yield
and markedly enlarged reproducibility is reported. Gold nanodecahedra is obtained
via sonochemical reduction of HAuCl4 over already synthesized gold seeds into
DMF solution. Unexpectedly, in the absence of ultrasound, inferior yield of gold
nanodecahedra by elevated polydispersity is observed via thermal reduction [143,
144].

An analogous synthesis method has utilized for the preparation of silver nano-
plates. The ultrasound-assisted Ostwald ripening procedure promotes the devel-
opment of silver nanoplates via silver NPs produced at an initial stage of reaction
[145]. The synthesis of Pd and Pt NPs via reduction of K2PdCl4 and H2PtCl6
precursors under sonochemical approach has been reported. The consequence of
inert atmosphere on the particle size of Pd and Pt NPs has been reported. Under the
Ar atmosphere, particle size of Pd is observed to be 3.5 nm, while its size is 2 nm in
presence of N2 atmosphere. Comparatively, narrower sizes of Pt NPs are obtained
under Xe atmosphere. This was mainly due to the acoustic cavitation leading to
formation of hot spot temperature [146]. Also, highly stable Pd NPs are prepared
via ultrasonic irradiation (frequency 50 kHz for three hours) to Pd(NO3)2 solution
into ethylene glycol and PVP. Ethylene glycol reduces Pd(II) to metal Pd while
co-ordination of Pd atom to the carbonyl functional group of PVP promotes the
steadiness of Pd NPs [147].

Fe3O4 magnetic NPs are synthesized by sonochemical route. Iron pentacarbonyl
and polyethylene glycol have taken together in hexadecane. The decomposition of
Fe(CO)5 occurs in the presence of polyethylene glycol, and monodispersed
ultra-small NPs *3 nm particles are obtained. The reaction was carried out in dark
condition. The presence of a black slurry in reaction vessel leads to Fe(CO)5
decomposition [148].

12.5.2 Metal Chalcogenides

Metal sulfide NPs show emerging character owing to their extensive use in mis-
cellaneous fields such as lasers, optoelectronic, thermoelectric devices, and in
infrared spectroscopy cells. The nano-crystalline metal chalcogenides exhibit
superior performance as compared to their bulk counterparts. Bismuth sulfide
nanorods are synthesized through a facile sonochemical method using bismuth
nitrate and sodium thiosulfate in an aqueous solution. Different complexing agents
such as triethanol amine, sodium tartrate, and ethylenediamine tetra-acatetic acid
are used during synthesis. These complexing agents promote the different diameter
and length of Bi2Se3 nanorods [149].

In another report, hexagonal phase cadmium sulfide and cadmium selenide NPs
are observed using cadmium acetate as metal precursor. The NPs have been
obtained under reduced atmosphere H2/Ar(5/95) via ultrasonication. The hydrogen
used during the reaction process acts as reducing agent, while high temperature is
attained via collapse of bubbles followed via reduction of precursor [150].
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Similarly, synthesis of PbSe and ZnSe NPs using sonochemical technique has been
reported by Gedanken and his co-workers [151].

Metal selenides demonstrate extensive applications in diverse field such as in
optical filters, optical recording materials, photovoltaic, sensors as well as laser
materials [152]. The CdSe semiconductor nanocrystal finds its profound application
in photoconductor. Hollow sphere of CdSe via sonochemical approach has been
reported. Uniform and regular spheres of CdSe nanocrystal with average diameter
of *120 nm are obtained [153]. Ultrasonically synthesized hexagonal CdSe
nanocrystals are reported using cadmium acetate and metal selenium in a reduced
atmosphere of H2/Ar. The precise experiments demonstrate that the hydrogen used
here functions as a reducing agent. An extremely extraordinary temperature is
attained through the bubble breakdown which accelerates the reduction of Se [154].
HgSe is an important semiconductor material which is utilized in photoconductors,
solar cell, IR detector, tunable lasers, etc. At room temperature, HgSe is prepared
under ultrasonic irradiation using mercury acetate and sodium selenosulfate in
aqueous phase. The HgSe NPs with various sizes are obtained using the com-
plexing agents such as ethylenediamine (EDA), ammonia, and tri-ethanolamine
(TEA). The high concentration of TEA promotes the growth of tiny particles [155].
A range of metal chalcogenides such as MoS2, Cu3Se2, Cu7Te4, Cu4Te3, AgBiS2,
etc., have been synthesized via sonochemical approach. During the typical ultra-
sonic synthesis, these metal chalcogenides necessitate the metal precursors into
aqueous solution, and a chalcogen source such as thiourea is used for sulfur, while
selenourea is used for Se sources. Under ultrasonic irradiation, in situ generation of
H2S or H2Se reacts with metal salt precursors in aqueous phase to generate metal
chalcogenide NPs [156–159].

12.5.3 Metal Carbides

Sonochemical approach has been further extended for the preparation of metal
carbides such as Fe3C, PdC, Mo2C. At room temperature, PdC NPs are synthesized
via the reduction of Na2PdCl4with interstitial carbon in aqueous solution. The
concentration of carbon in Pd particles has been optimized by altering the nature
and the concentration of organic additives. The PdC synthesis is composed of firstly
formation of Pd cluster growth during Pd nanoparticle formation. In second step,
organic additives have been adsorbed onto Pd cluster, and lastly, diffusion of carbon
atoms takes place into Pd metal lattice. Higher carbon chain such as hexanol,
ethanol, methanol, and precise concentration of isopropyl alcohol (IPA) promotes
the enormous number of C atoms in Pd metals [160]. Iron carbide NPs have been
prepared via sonochemical approach using Ferrocene Fe(C5H5)2 as a metal pre-
cursor. The absence of oxygen in the precursor prevents the formation of
Fe3O4NPs. Amorphous phase iron carbide is obtained via sonolysis of ferrocene in
diphenylmethane. The modifications of reaction parameters such as ultrasound
frequency, tip diameter, and immersion depth throughout the experiment promote
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the formation of monodispersed nanoparticles *6 to 12 nm [161]. For the
preparation of molybdenum carbide NPs, first slurry of molybdenum hexacarbonyl
is prepared through ultrasonication (operating frequency *20 kHz). Here, hex-
adecane is used as a solvent because it has small vapor pressure. The acquired
nanomaterial shows porous character with aggregate of 2 nm sized Mo2C NPs
[162].

12.5.4 Bimetallic NPs/Metal Alloys/Metal Composites

Sonochemical route has been implemented for the synthesis of colloidal bimetallic
NPs. Bimetallic NPs have shown the fruitful application as catalyst as well as in
optoelectronic device applications. Suslick and his co-workers for the first time
revealed the utilization of ultrasound to produce bimetallic NPs [163, 164].
Bimetallic NPs composed of gold and palladium is reported using sonochemical
synthesis. Ultrasonic irradiation promotes the reduction by sodium dodecyl sulfate
(SDS) of Au (III) and Pd (II) ions from NaAuCl4∙2H2O and Na2PdCl4 in an
aqueous medium. The surfactant SDS used here improves the reducing rate as well
as the stability of the nanomaterials. The obtained nanocrystals exhibit the spherical
shape particles with diameter *8 nm [165]. An outstanding soft magnetic property
has been reported for an amorphous phase ferromagnetic alloys comprised of Fe
and Co. The boosted magnetic behavior of alloys has been used in magnetic data
storage as well as in power transformers [166]. Furthermore, sonochemical
decomposition synthesis is employed for the preparation of amorphous phase alloy
of Co20Ni80 and Co50Ni50. The explosive organic metal precursors such as Co(NO)
(CO)3 and Ni(CO)4 in decalin are utilized at 273 K under argon pressure (100–
150 kPa). Synthesized alloys NPs exhibit superparamagnetic behavior [167]. Under
ultrasonic irradiation, the Fe/Co alloy is synthesized using Fe(CO)5 and Co(NO)
(CO)3 precursors in diphenylmethane solution in an inert argon atmosphere. The
NPs having a metal alloy core along with a coated shell are obtained. The alloy NPs
reveal exceptional storage constancy with magnetic performance [168]. Pt–Ru
bimetallic system has been extensively applied in catalysis as well as in fuel cells.
The colloidal synthesis of Pt–Ru bimetallic NPs in an aqueous phase has been
obtained via sonochemical reduction of Pt(II) and Ru(III). The synthesis is executed
at the ultrasound frequency *210 kHz, while temperature is set to 20 °C. By the
use of SDS as a stabilizing as well as capping agent, particle size of 5–10 nm NPs
is obtained. Furthermore, using PVP, ultra-small bimetallic NPs in the range
of *5 nm are obtained [169].
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12.5.5 Metal Oxide NPs

Metal oxides display a vigorous character in the arena of interdisciplinary branch of
sciences, namely physics, chemistry, and materials science. In the technological
point of view, these metal oxides exhibit profound applications such as in sensor,
fuel cells, piezoelectric devices, microprocessors and microelectronic circuits, etc.
Moreover, these metal oxides are employed in catalysis and as surface coating to
prevent the corrosion as well. Owing to their vast range applicability, the synthesis
of these metal oxide NPs has drawn much attention to the research community.
Mesoporous tin oxide SnO2NPs have been reported via sonochemical method using
tin ethoxide as a precursor and CTAB as surfactant which controls its structural
morphology [170]. The synthesis of lanthanide metal oxides such as Y2O3, Er2O3,

CeO2, Sm2O3 and La2O3, via sonochemical route has been also reported. These
metal oxides are synthesized via nitrate salts of the corresponding rare earth metal
ions as precursors, SDS as surfactants and urea as a precipitating reagent, respec-
tively. Molar ratio of rare earth metal ions, SDS, and urea (1:2:30) is maintained
during the synthesis [171]. Surfactant free zinc oxide nanoparticles are prepared via
sonochemical route using zinc acetate and 1,4-butanediol. During synthesis process,
1,4-butandiol functions both as solvent and capping agent. For desired product
formation, reaction is executed under ultrasonic irradiation [172]. The
shape-selective ZnO NPs synthesis via sonochemical route is reported. The pre-
pared ZnONPs exhibit different shapes such as nanorods, nanocups, nanodisks,
nanoflowers, and nanospheres. It is observed that precursor concentration, power
density of ultrasonic source, sonication time, kind of hydroxide anion mediators,
and the capping agent are crucial aspects in the shape-selective ZnO nanomaterial
preparation [173]. Furthermore, other metal oxides TiO2, CeO2, MoO3, V2O5,
In2O3, ZnFe2O4, PbWO4, BiPO4, and ZnAl2O4 have been successfully synthesized.
Sonochemically prepared titania nanoprticles show superior photocatalytic activity
to commercially available Degussa P25. The improved photocatalytic activity is
ascribed to the highly crystalline nature of titania generated by rapid hydrolysis via
ultrasound irradiation [174–181].

12.5.6 Sonochemical Preparation of Hollow and Layered
Structures

The deposition of inorganic NPs on solid substrates such as silica or carbon nan-
otubes via sonochemical approach is employed to obtain hollow nano-structures.
Hollow spheres of MoS2 and MoO3 have been reported via sonochemical technique
[182]. MoS2/SiO2 composite under ultrasonic irradiation is obtained using iso-
durene slurry of molybdenum hexacarbonyl, sulfur, and silica nanospheres under an
inert Ar atmosphere. Analogous process is carried out in the presence of air, and the
absence of sulfur promotes the formation of a MoO3/SiO2 nano-composite.
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Successive HF treatment leaches out the silica spheres which results in the for-
mation of MoS2 and MoO3 hollow spheres. (Fig. 12.8 a, b and c). Remarkably after
heat treatment, hollow MoO3 nanospheres exhibit hollow single crystal
(Fig. 12.8d).

Sonochemical synthesis of hollow hematite has been reported. During the syn-
thesis, carbons NPs are utilized as an instinctively detachable template. The
mechanism behind the formation of the hollow hematite formation is employed
in situ combustion of the carbon NPs. However, sonochemical decomposition of Fe
(CO)5 resulting an amorphous iron NPs which form shells in the vicinity of carbon
NPs. The fast oxidation of the high surface area iron shells under air exposure
ignites the interior carbon particles. The combustion of the carbon NPs produces
sufficient heat to crystallize the iron oxide shells consequently leads to hollow
a-Fe2O3 cores [183]. Sonochemical synthesis of porous Co3O4 nanotubes has been
reported. Carbon nanotubes (CNTs) have been utilized as a sacrificial template

Fig. 12.8 TEM images of sonochemically prepared hollow MoS2 nano-spheres a and b and
hollow MoO3 c after leaching of the silica template but before thermal annealing and d after
thermal annealing and formation of hollow single crystals (d). Reproduced with permission from
ACS publisher [182]
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during the synthesis leads to the formation of CoOx/CNTs composite. The
nano-composite is further calcined into air to be on fire which finally removes the
carbon nanotubes leads to porous nanotubes of CoOx in Co3O4. The synthesized
porous Co3O4 nanotubes act as an excellent electrode material employed in lithium
batteries [184]. Hollow FePt spheres are reported via sonochemical deposition
technique. Sonochemically synthesized FePt bimetallic particles are deposited on
polyelectrolyte layers modified silica spheres. Consequent HF curing yields hollow
FePt spheres. Fascinatingly, annealing of hollow FePt spheres exhibits magnetic
properties with modified character from soft to hard magnet [185]. Polymer spheres
such as polystyrene and poly-methyl-methacrylate are also used as a template
material to create hollow structured materials [186]. In this situation, polymer cores
are separated by either thermal pyrolysis or extraction with organic solvents from
composites.

Ultrasound is proved to be formidable means for the chemical preparation of
mono and multilayered graphene. The pristine graphite has been oxidized by
Hummer’s approach to synthesize the grapheme oxide. In grapheme oxide, inter-
layer distance is increased as compared to graphite which results in weaker Vander
Waals force. Subsequent to gentle sonication, single-layered graphene oxides have
been synthesized that can be further reduced to graphene. The direct liquid-phase
exfoliation of graphite via sonication gives the easy processing of graphene. In
order to attain high yields of exfoliated graphene from graphite, the surface energy
of the solvent must be equal to the surface energy of graphite (40–50 mJ m−2).
Sonication of graphite in appropriate solvents such as N-methyl-pyrrolidone
(NMP)) promotes the formation of single layer and few layer graphene [187].

Ultrasound is repeatedly used to separate single-walled CNTs, which typically
form bundles because of the presence of the Van der Waals force. This method-
ology has been utilized for the synthesis of other layered material such as MoSe2,
MoTe2, MoS2, WS2, TaSe2, NbSe2, NiTe2, BN and Bi2Te3. These materials have
been exfoliated in the liquid phase to prepare monolayer nanosheets [188].

12.5.7 Sonochemical Preparation of Protein and Polymer
Pano and Microstructures

Ultrasonic approach has been further transformed to synthesize biomaterial and
polymers as well. The sonochemical synthesis of protein microspheres is obtained
via sonication of a protein solution which contains serum albumins (Fig. 12.9).

Highly biocompatible and stable microspheres have meticulous attention in a
variety of biomedical applications applied as contrast agents for MRI, sonography,
optical coherence tomographym, and drug delivery carriers [189]. The collective
effort from emulsification termed as a physical effect and cavitation corresponding
to chemical effect consequently promotes the microsphere formation. The protein
microspheres produced via ultrasonic emulsification attain significantly enhanced
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stability via covalent disulfide cross-linking of cysteine. Hydroperoxyl radicals are
mainly generated, and these radicals are primarily accountable for this cross-linking
[190, 191]. Hydroperoxyl radicals HO2. generated during the sonolysis of water
promotes induce cross-linking of the disulfide bonds linking with cysteine amino
acid. The protein microspheres have been tailored via conjugation of selective
cancer-cell ligands such as folate, RGD peptides, and mercaptoethane sulfonate to
its surface [192].

12.5.8 Core @Shell Nanomaterials

An easy and effective sonochemical route has been employed for ZnO@CdS
core@shell synthesis. ZnO nanorods is synthesized via oxidation of ZnO/Zn par-
ticles in air at high temperature [193]. In a typical synthesis process under ultrasonic
irradiation, ZnO nanorods, cadmium chloride, and thiourea in an aqueous solution
result the ZnO nanorods/Cds NPs formation [194]. Synthesis of Fe3O4@SiO2

core@shell NPs via sonochemical route is reported [195]. It is observed that Fe(II)

Fig. 12.9 SEM images of sonochemically prepared protein microspheres before and after
nanoparticle functionalization by layer-by-layer adhesion: upper left, native microspheres
as-prepared by sonication of bovine serum albumin and upper right, close-up of the surface;
lower left, silica-coated microspheres using a RGD polylysinepeptide to reverse surface charge and
lower right, close-up of its surface. Reproduced with permission from ACS publisher [189]
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and Fe(III) metal precursors get precipitated under ultrasonic irradiation which
exhibit narrower Fe3O4 NPs size distribution as compared to precipitation obtained
via mechanical stirring. It is reported that an alkaline TEOS hydrolysis into water
alcohol mixture with Fe3O4 NPs increases the homogeneity and reduces the
agglomeration of Fe3O4@SiO2 NPs significantly. The thickness of silica shell is
easily tailored under ultrasound irradiation. Core/shell hetero structured
SnO2@CdS has been prepared using SnO2 nanobelt as a support. In the typical
preparation, first CdS NPs are deposited over SnO2 surface. The CdS NPs thus
formed during the synthesis are of spherical type, and their sizes are in the order of
10–20 nm. Single crystal SnO2 nanobelt having rutile structure is prepared via
thermal evaporation metallic tin powders at 800 °C. In a typical synthesis process,
SnO2 nanobelts, cadmium chloride, and thiourea are mixed into 100 ml deionized
water irradiated with ultrasound (100 W, 40 kHz) for 1–3 h [196]. Under ultra-
sound irradiation, the reduction of AuCl4

− ions to Au0 (gold metal) and AgNO3
+

ions to Ag0 (silver metal) takes place in the presence of alcohols at room tem-
perature [197]. Under ultrasound irradiation, cavitation takes place which generates
primary and secondary radicals which reduces the gold chloride and silver nitrates
into their respective metal ions. The presence of hydrogen atom along with alcohol
radicals reduces the gold and silver ions to produce Au–Ag bimetallic core@shell
NPs. It is also reported that in the presence of polymer, reaction of primary radicals
with the polymer promotes the formation of polymeric radicals. It assists in
reduction of the analogous metal ions to produce metal NPs [198, 199].

12.5.9 Ultrasonic Pyrolysis (USP)

Ultrasound produces chemical reactions in sonochemical synthesis. Moreover, in
USP (ultrasonic pyrolysis), an ultrasound has not engaged directly during synthesis.
Ultrasound acts as phase separator into one micro-droplet reactor to other. In
sonochemical route, highly intense low-frequency ultrasound *20 kHz has been
generally used; whereas in USP, high frequency *2 MHz with low intensity
ultrasound is employed. Ultrasound is employed for nebulising the precursor
solution which assist to generate micron-sized droplets during USP synthesis.
Droplets thus generated by ultrasonic nebulisation have been heated under a gas
flow before dispensed to chemical reaction. Large-scale production of ultrafine
particles finds its utility in industry. Also, this technique is quite useful in film
deposition. During this technique, creation of aerosols under ultrasonic nebulizer
followed by thermal decomposition occurs [199, 200]. As compared to traditional
techniques, USP has shown many merits such as easy and continuous operation,
high purity reaction products, etc. This technique is equally applicable for small-
and large-scale mass production with high reliability as well as reproducibility.
Spherical NPs are prepared via the USP route. Liquid droplet formation takes place
under ultrasonic nebulisation in USP route. In the USP process, firstly generated
liquid droplets are subjected to the heated zone having Ar, N2 and O2 as carrier
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gases followed by evaporation of solvents at droplet surface. The droplets rapidly
contract and attain supersaturation after heating. The precipitation of solute takes
place at droplet surface. Moreover, thermal decomposition can generate interme-
diate compounds in the form of porous or hollow structured particles [173]. In a
typical USP experimental set up, a vessel having transducer at the base fixed with a
mist connected to the tubular furnace. The collector chambers have been positioned
at the furnace outlet (Fig. 12.10). The USP procedure requires droplet creation,
diffusion of the solutes, evaporation of solvents, and precipitation followed by
decomposition and densification (Fig. 12.10b). For the film deposition, silicon and
glass substrates have been positioned inside the furnace.

USP technique is established as a multifaceted approach for the synthesis of fine
powders of metals, metal alloys, and ceramic materials. For the synthesis of the
metals NPs such as Ag, Pd, Au, Cu, Ni, Co, and their alloys as Ag–Pd, USP
technique is extensively utilized. In order to prepare metal or alloys particles,
generally it engages the USP decomposition of metal salt precursor solution in an

(a)

(b)

Fig. 12.10 Schematic illustration of a typical USP apparatus and b a schematic diagram of
simplified USP process. This is redrawn from references [173, 199, 200]

12 Synthesis of Nanostructured Materials by Thermolysis 369



inert atmosphere (N2 or Ar flow) [201–206]. Highly crystalline nanowires of Zn,
Cd, Co, and Pb nanowires are produced by USP route using methanolic solutions of
corresponding metal acetates [207]. Micron-sized metal oxides and chalcogenides
synthesis are reported via USP technique. During metal oxides synthesis, precursors
of metal nitrates, chlorates, and acetates have been engaged; while for the prepa-
ration of metal chalcogenide, chalcogen sources are mixed into the precursor
solution [140]. Suslick and Skrabalak employed silica as a sacrificial module to
synthesize porous MoS2 structure by USP approach. Silica NPs are tightly packed
into an evaporating droplet and can afford an in situ nanostructure scaffold [208].

The exploitation of a silica template is more utilized for the preparation of metal
oxides NPs. The USP preparation of diverse shapes of titania nanostructures,
comprising porous, hollow, and ball-in-ball architectures has been reported.
Silica-titania composite porous titania as well as silica-titania composite covered
with cobalt oxide NPs are reported by employing the USP synthesis route.
Under USP process, an aqueous solution containing silica NPs and titanium
complexes forms silica-titania nano-composite. A porous titania microsphere is
obtained after etching of the silica-titania composite using HF. At initial stage of
etching fetches a ball-in-ball structure consists of silica core covered with porous
titania shell. Moreover, complete etching result in the vanishing of silica core and,
finally, porous spherical shells of titania is obtained [209].

The formation of porous carbon under the USP technique has been reported. In
this context, this technique is applied for the synthesis of several carbon nanos-
tructures which occurs by alkali halocarboxylate decomposition (Fig. 12.11) [210].

As compared to tiresome multistep conventional approaches for porous carbon
preparation, one step USP approach removes the issue of use of high cost template
materials. Based on the variety of alkali halo-carboxylates such as lithium
chloroacetate, sodium chloroacetate, potassium chloroacetate, lithium dichloroac-
etate, sodium dichloroacetate, and potassium dichloroacetate, a miscellaneous range
of nanostructures has been synthesized via USP process [210].

12.6 Conclusions and Future Prospects

In summary, thermolysis (i.e., polyol, hydro/solvothermal, MW and sonochemical)
approaches for the nanomaterial synthesis have been briefly described. Since pre-
cise control over shape, size, and dimension greatly alter the physiochemical
properties. Therefore, the prepared nanomaterials encounter diverse area of interests
into materials research community for the range of applications such as photo-
conductors, bio-imaging, laser materials, photocatalysis, biosensors, supercapaci-
tors, etc. Polyol synthesis has unquestionably turned out to be a handy synthesis
approach which assures the preparation of great quality nanomaterials. Ethylene
glycol, diethylene glycol, glycerol, and butanediol are extensively applied as polyol
solvents for the preparation of nanomaterials. Currently, a variety of nanomaterials
such as elemental metals, metal oxides, and metal chalcogenides have been
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synthesized via polyol mediated approach. Highly water dispersible and chelating
properties of the polyols are extremely beneficial. During the synthesis, polyol act
as solvent, reducing agent as well as capping agent which lead to surface func-
tionalization as well as high colloidal stability of the NPs. Consequently, NPs with
regular size distribution with less extent of agglomeration have been obtained.
During the metal NPs synthesis in the polyol medium, the reductive character of the
polyols is an added advantage which permits a straight reduction via heating of
metal precursors. Also, higher boiling point of polyols fetches highly crystalline
compounds during the synthesis. Due to these merits, polyol synthesis is broadly
employed to attain materials with a range of applications as photocatalysis, MRI,
sensing, photovoltaic, batteries, thin film, diluted transparent semiconductor, pig-
ments, bio-imaging, and in drug delivery, etc. The polyol synthesis entails the
preparation of heterostructured nanomaterials. Also, PEG exhibits control of the
nucleation and growth of particles and particles coated with PEG show high
bio-compatibility which permits the best possible cellular uptake of the pegylated
NPs. However, there are also obvious restrictions to polyol synthesis. The fast
thermal decomposition close to the boiling point of the polyols limits the avail-
ability of temperature choice of reactions.

Fig. 12.11 SEM images of USP porous carbons. Reaction conditions: 1.5 M solutions, 700 °C,
Ar at 1.0 slpm. Product from (A) lithium chloroacetate, (B) sodium chloroacetate, (C) potassium
chloroacetate, (D) lithium dichloroacetate, (E) sodium dichloroacetate, and (F) potassium
dichloroacetate. Reproduced with permission from ACS publisher [210]
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The striking features of the MW-assisted synthesis exhibits rapid and uniform
heating, fast reaction rate, higher yields, and shorter reaction time as compared to
the usual heating techniques. Rapid synthesis of inorganic materials in aqueous
phase under MW heating is observed. This unique approach leads to its cost
effectiveness, energy saving, and a high product yield. Furthermore, the MW
reactors with accurate power, temperature, and pressure controlled probes have
been used for nanomaterials synthesis. However, detailed mechanism involved into
MW synthesis and its consequence on reaction rate, nucleation, and growth in
aqueous phase has been still matter of debate, and future research will be focussed
in this direction. Precisely designed MW reactors will give an idea about the
non-thermal heating issues involved under MW synthesis.

Hydrothermal and/or solvothermal routes are extensively utilized for the
preparation of inorganic nanomaterials comprising metals, metal oxides, meal
chalcogenides, and transition metals. These techniques are further extended for the
synthesis of metal ions and linking organic ligands for metal organic framework
(MOF)NPs.

The miscellaneous range of applications of ultrasound irradiation has been
investigated in the synthesis of nanostructured materials. Sonochemical as well as
ultrasonic spray pyrolysis techniques are used during the nanomaterials synthesis.
Ultrasonic irradiation leads to acoustic cavitation. Bubbles are generated during
cavitation, which can efficiently gather the ultrasound energy. After collapse of
bubbles, massive amount of energy is released leading to localized hot spots with
extremely high temperatures and pressures which are mainly responsible for
chemical effects of ultrasound. By employing this route, elemental metals, metal
alloys, metal oxides, metal sulfides, and metal carbides are synthesized. This
synthesis approach is subsequently utilized for the synthesis of carbons, polymers
and biomaterials, etc. During the synthesis of nano-composites, template-based
strategy is used to obtain hollow structured materials via subsequent removal of
template. Scale-up of materials and energy efficiency is the prime hindrance of
sonochemical synthesis. Moreover, laboratory apparatus for sonochemical reactors
is commercially available even though large scale apparatus remains quite rare.
Future study will be to design precisely controlled sonochemical reactors for the
large-scale production of the nanomaterials under ultrasonication.

In USP route, the ultrasound acts to nebulize the precursor solutions resulting
production of micron-size droplets to facilitate the chemical reactions inside the
reactor. The micro-reactors permit the simplistic control over elemental structure at
the micron-size gauge. USP synthesis route is explored for the preparation of
hetero-structure and/or composite materials. The synthesis of nanomaterials via
USP generated nano-composites is vigorous as well as proficient. Moreover, pro-
cessing of metal oxides via USP route is still inadequate mainly owing to the
deficiency of appropriate precursors for metal oxides and uncontrolled fast sol-gel
reactions. In view of the present restrictions, systematic development of new metal
oxide precursors and precise control over the reaction parameters will be prime
focus of the future study for the further advancement in USP technique.
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