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A review of the microwave-assisted synthesis of
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Currently, nanomaterials are considered to be the backbone of modern civilization. Especially in the
energy sector, nanomaterials (mainly, carbon- and metal oxide/hydroxide-based nanomaterials) have
contributed significantly. Among the various green approaches for the synthesis of these nanomaterials,
the microwave-assisted approach has attracted significant research interest worldwide. In this context, it
is noteworthy to mention that because of their enhanced surface area, high conducting nature, and
excellent electrical and electrochemical properties, carbon nanomaterials are being extensively utilized as
efficient electrode materials for both supercapacitors and secondary batteries. In this review article, we
briefly demonstrate the characteristics of microwave-synthesized nanomaterials for next-generation

Received 19th February 2021,
Accepted 15th May 2021

DOI: 10.1039/d1nr01134k

energy storage devices. Starting with the basics of microwave heating, herein, we illustrate the past and
present status of microwave chemistry for energy-related applications, and finally present a brief outlook
and concluding remarks. We hope that this review article will positively convey new insights for the micro-
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1. Introduction

Clean and renewable energy-related achievements and issues
are highly concerning aspects in the 21% century due to the
increasing pollution, and consequently enhancement in global
warming on the Earth.'™ The emission of harmful gases from
factories and combustion from vehicles due to use of limited
fossil fuel are one of the main reasons for the presence of
greenhouse gases in the atmosphere, air pollution and climate
change.®™ Also, due to the increasing population worldwide,
the consumption of limited fossil fuels is increasing continu-
ously, and pollution is an unavoidable issue in the foreseeable
future, which are the biggest challenges in society.
Considering these unavoidable harmful issues and the threat
to human life associated with environmental pollution, atten-
tion is focused on the design of value-added and cost-effective
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wave synthesis of nanomaterials for energy storage applications.

materials as electrodes for efficient utilization in energy
storage and conversion processes.'* !

Among the energy storage devices, supercapacitors and sec-
ondary batteries have attracted widespread attention from
researchers and are considered potential energy devices due to
their good energy/power storage capacity, ultra-long term
cycling stability, flexible operating temperature and environ-
mentally friendly nature.®>* In energy storage devices, the
energy density, power density and robust cyclability properties
are significant indicators to evaluate their performance.”*> To
improve these properties in energy storage devices, the perform-
ance of supercapacitors and batteries depend highly on the
nature of electrode materials. For electrode materials, research-
ers have developed various high surface area carbon materials
and metal oxide/hydroxide-based composites/hybrids. Recently,
carbon materials modified with metal oxides/hydroxides using
various methods have been utilized as energy storage electrodes
in supercapacitors and secondary batteries.** >

Nowadays, with continuous development in nanomaterial
synthesis, the microwave (MW)-assisted approach has attracted
significant attention from researchers due to its uniform
heating inside materials.>>”® This is also because of the excep-
tional features of MW heating such as fast synthesis, selective
heating without interaction with the surroundings and cost
efficiency. MW generates direct volumetric heating and heat is
simultaneously produced in the whole system, which results in
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fast heating.>® ®° Selective heating can be performed during syn-
thesis and is controlled due to the dielectric properties of
materials.®”> Nowadays, MW-irradiation (MWI) is frequently
utilized for the synthesis of various types of carbon materials,
metal oxides and metal hydroxides for energy-related electrode
materials. Initially, the use of MWI was limited to inorganic syn-
thesis and not used for organic synthesis. This is because of the
non-polar nature of organic solvents, which do not support
dielectric heating. However, nowadays several alternatives for
this problem have been invented.”® In the case of carbon
materials, the interaction mechanism is different from dielectric
heating. In carbon materials, free electrons play a crucial role in
heating.”” Fig. 1 shows a schematic representation for the use of
MW for the synthesis of carbon-based and metal oxide/hydrox-
ide-containing materials for energy storage electrodes.

In energy conversion devices, the MW-assisted approach
has also been applied for the synthesis of carbon-modified
electrodes materials for fuel cells.”®®> MW-assisted synthesis
was employed to obtain a carbon black-supported
polytetrafluoroethylene (PTFE/C) nanocomposite, which deli-
vered an output power of 0.66 W cm™2.%! The Pt/carbon nano-
tube (CNT) composite obtained via MW-assisted synthesis was
used as a high-performing catalyst for the oxygen reduction
reaction in a proton-exchange membrane fuel cell.** Carbon-
supported ternary Pt-Sn-Rh alloy nanoparticles were syn-
thesized using MW and applied for fuel cells, displaying good
mass activities (2.18 A mgp, " and 1.70 A mgp ') for the
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ethanol and methanol oxidation reaction, which were 5.7 and
3.7 times greater than that of a commercial Pt/C catalyst,
respectively.®® Recently, N-doped and oxygen-functionalized
carbon nanoonion-supported Pd nanoparticles were syn-
thesized via MW and used as an electrocatalyst, which exhibi-
ted a good current density (17.4 mA cm™?), long-term stability
(6.9 mA cm™?), and fast electron transfer towards the ethanol
oxidation reaction in alkaline medium.®* A reduced graphene
oxide (rGO)-CuS-ZnS hybrid nanocomposite was synthesized
via MW and used as a cathode, exhibiting a power generation
of 1692 + 15 mW m™> and open circuit potential of 761 + 9 mV.*

MWI is electromagnetic waves and prominently used in the
telecommunication industry and its wavelength spectrum
range appears between radio waves and the infrared region.
The MW wavelengths in this range are from 1 m to 1 mm and
the corresponding frequency is 0.3 GHz to 300 GHz. Domestic
MW ovens (kitchen MW ovens) function at the frequency of
2.45 GHz, which is already in the range 0.3-300 GHz. Also,
MWI plays an important role in scientific research especially
in materials science for the synthesis of materials.®***

2. Microwave: simple and fast
approach

MWI provides much faster heat distribution compared to con-
ventional heating due to its unique volumetric heating in
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materials. Heating by MWI is different from conventional
heating in which heating occurs by conduction and convection
processes. Also, MWI-assisted heating is a cost-efficient
approach for laboratory synthesis and domestic use.””> °® Fig. 2
presents a schematic comparison of the temperature distri-
bution profile and heat transfer during MW-assisted and con-
ventional heating. In MW-assisted heating, initially the particle
interior is hotter than the particle surface. In MW-assisted
heating, a temperature gradient occurs from the centre to the
particle surface, whereas in conventional heating, a tempera-
ture gradient occurs from the particle surface to the centre.
Thus, in MW-assisted heating, (e.g., under pyrolysis con-
ditions), the volatile matter moves from the higher-tempera-
ture particle interior to the lower-temperature surface.’® "%

2.1. Microwave heating: mechanism

MW heating mechanism is mainly dependent on the nature of
the irradiated/exposed materials. The MW interaction is extre-
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mely dependent on the nature of the material and the degree
of interaction. It is different for conductors, insulators, and
dielectric materials.'® Three types of mechanisms have been
mentioned in the literature when a material is irradiated/
exposed to MWI. The common interaction phenomena are
reflection, absorption and transmittance. Electrical conductors
such as metals are reflectors of MWI. Some materials (quartz
and PTFE) allow the transmission of MWI. Thus, conductors
cannot be heated by MWs because they do not absorb MWI.
However, polar liquids containing molecules and polar mole-
cules are good absorbers of MW radiation, and consequently
heat very quickly after MWI due to dipolar interactions and
ionic conduction.'®*'%* When different dipoles and ions inter-
act with electromagnetic waves, they accelerate with the fre-
quency of the electromagnetic waves. Both ions and dipoles try
to flip their orientation with the frequency of the electromag-
netic waves. In both cases, flipping of their orientation is
delayed due to the frictional forces of the surrounding ions
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Fig. 1 Schematic illustration of the use of MW-assisted synthesis of energy storage materials and its advantage.
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Fig. 2 Schematic representation of the temperature gradient and heat flow due to MW and conventional heating.
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and dipoles. This delay is called the relaxation time, and the
energy losses during this period are liberated as heat, which
spreads inside and uniformly heats the material. MW heating
depends on some factors among which the dielectric para-
meter is crucial. The penetration depth is another important
factor for the heating of materials, which is defined as'®**%*

o
_ce
 2nfe

(1)

where f is the frequency, ¢ is the capacitance and ¢° is the
dielectric constant of free space. It can be seen from this
equation that the penetration depth increases with an increase
in capacitance and decrease in frequency. In case of an MW
reflector (conducting medium is metal), the penetration depth
becomes null because the capacitance for metal is zero. If the
penetration depth is infinite, it means that MWs transmit
from the materials without any absorption. Two other impor-
tant quantities for defining the dielectric properties of
materials are the loss tangent (§) and dielectric constant. The
dielectric constant (&) of a material is the sum of the real (¢')
and imaginary permittivity (¢"). It can be written as follows:

e=¢+¢" (2)

The real part of the dielectric constant deals with the absor-
bance of MW radiation and the imaginary part deals with loss.
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The MW absorption ability of a material is generally defined
by the loss tangent, which can be written as®>2%103710

tan § = ¢'/¢” (3)

A large loss tangent value means good MW absorption,
and thus the material characteristics such as penetration
depth, dielectric constant and loss tangent should be care-
fully studied before the selection of materials for MW
absorbance.

Fig. 3 shows the transmission, absorption and reflection of
some materials, which are defined by the dielectric loss factor
and power absorbed. According to Fig. 3, it can be concluded
that the materials present between two extreme values of
dielectric loss factor are best for MW absorption. In many
chemistry reactions assisted by MWI and heating, they mainly
depend on the solvents involved. Thus, there are some
common solvents that are being used. The common solvents
with their loss tangent values and dielectric constants are pre-
sented in Table 1. It can be seen that there is a corresponding
increase in loss tangent with an increase in the dielectric con-
stant. Thus, the selection of a particular solvent is required to
maintain the heat for a desired reaction. Depending on the
values of tan g, the solvents are classified as (i) tané > 0.5,
higher MW absorption solvent, (ii) tan$ > 0.1, medium MW
absorption solvent, and (iii) tané < 0.1, low MW absorption
solvent.”®
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Fig. 3 Dependence of reflection, absorption and transmittance on dielectric loss factor process.’” Reprinted (adapted) with permission from ref.

97, copyright (1999), Elsevier B.V. All rights reserved.
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Table 1 Some important solvents with their dielectric constant and

loss tangent values'®

Solvent Dielectric constant Loss tangent (tan §)
Hexane 1.9 —
Benzene 2.3 —
Carbon tetrachloride 2.2 —
Chloroform 4.8 0.091
Acetic acid 6.1 0.174
Ethyl acetate 6.2 0.059
THF 7.6 0.047
Methylene chloride 9.1 0.042
Acetone 20.6 0.054
Ethanol 24.6 0.941
Methanol 32.7 0.659
Acetonitrile 36.0 0.062
Dimethylformamide 36.7 0.161
Dimethylsulfoxide 47.0 0.825
Formic acid 58.0 0.722
Water 80.4 0.123

2.2. Microwave versus conventional thermal heating

MW heating provides several advantages compared to conven-
tional heating due to its fast, uniform heating, cost efficiency
and reduced energy consumption. MW heating is a volumetric
heating, which means the material absorbs radiation and
directly converts it into heat. Conversely, in the case of conven-
tional thermal heating, heating takes place via conduction and

View Article Online
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convection processes and is transferred from the surface to
molecules. Also, MW radiation relies on dielectric heating,
which gives rise to selective heating. Past studies have shown a
comparison between MW and conventional heating in the syn-
thesis of materials. Ma et al.'”” studied the synthesis of BaTiO;
via MW and conventional heating and suggested that MW
heating gives rise to a larger c/a ratio (lattice parameters) and
needs shorter time for crystallization. MWI has been used in
different synthetic processes, especially to achieve uniform and
selective heating. MW radiation is preferably used in the
powder metallurgy and ceramic fields for sintering processes.
Sintering by MW heating offers good physical and mechanical
strength, reduced energy consumption and shorter reaction dur-
ation. Oghbaei et al.’®® explained the difference between MW
and conventional sintering and discussed the basic aspects of
MW heating and conventional heating.'® Volumetric heating
results in uniform heating, whereas conventional heating has a
temperature gradient, which is not good for mechanical
strength and homogeneous morphology in materials. Also, in-
organic and organic reactions can occur at much faster rates
with MW heating compared to conventional heating.”®'"’
Berlan et al.'™ studied the reaction rates for the cycloaddition
reaction performed in xylene or dibutylether and found that the
effects were more pronounced in the case of polar solvents. A
schematic representation of the reaction is shown in Fig. 4a.
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Fig. 4 (a) Schematic molecular representation and MW condition. (b) and (c) Effects of different types of heating on product yield for xylene and
dibutyl ether.!** Reprinted (adapted) with permission from ref. 111, copyright (1991), Elsevier B.V. All rights reserved.
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The effect of different heating processing on the yield of the
reaction mixture is shown in Fig. 4b and c. It can be seen from
Fig. 4b and c that for xylene and dibutyl ether, MW heating
resulted in a large product yield in a shorter time compared to
conventional heating.'**

Hydrolysis of adenosine triphosphate showed a 25-times
faster rate using MW heating compared to conventional
heating."'> MW heating increases the kinetic energy of the
solvent through volumetric heating and hydrolysis completely
depends on the temperature of the reaction mixture (not on
the heating method), where the temperature was better con-
trolled by MW heating.'*? In addition to increase the reaction
rate, one can also achieve selective product by controlling the
power of the MW radiation. The Arrhenius kinetic model can
be written as'"?

K1,E1
R, +R, & P, (4)

K2,E2
Ri+R; & P, (5)

Applying conventional heating, the obtained product is a
mixture of P; and P,, but after increasing the heating rate by
using MW heating, it is possible to produce product P; only
by adding reagents R;, R, and R;. This type of situation is
called induced heating, as shown in Fig. 5a. There is another
possibility, which is called inversion heating, where careful
control and fast heating gives rise to product P,, but in the
case of conventional heating, essentially product P, can be
obtained. The inversion heating condition is shown in
Fig. 5b.'"® Thus, reactivity can be changed by selective
heating.

Thus, it can be concluded that MW heating gives rise to
uniform heating and better selective product yield. These
characteristics of MW radiation make it useful for synthesis
via inorganic and organic chemical reactions.

View Article Online
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3. Microwave-assisted synthesis

MW radiation is conventionally used for the synthesis of
various materials such as carbon materials, metal oxides, and
metal hydroxides and other organic/inorganic materials. The
interactions of MW radiation is different for various types of
materials.

3.1. Carbon nanomaterials

Carbon nanomaterials are good absorbers of MW and interact
in different ways with MWI, which is different from the dielec-
tric heating phenomenon. In the case of carbon nano-
materials, the large numbers of free electrons available in
these materials are responsible for heating after MWI. When
electromagnetic radiation interacts with electrons, the elec-
trons try to oscillate with the same phase of electromagnetic
radiation, but the radiation changes their phase very quickly
and oscillating electrons cannot match with the same phase.
This phase lag results in energy dissipation in the form of heat
inside carbon materials. Other interesting phenomena also
occur during MWI, when the kinetic energy of an electron
increases, it causes a spark, and consequently ionization in
the surrounding in the form of plasma.””'™* Accordingly,
carbon nanomaterials can be easily modified with metal
oxides via MWI to form composite/hybrid structures. Devi
et al.'"® reported the MW-assisted synthesis of graphene and
its derivative and concluded that MWI can be effectively
applied for these syntheses. The dielectric loss factors of some
carbon materials are presented in Table 2. Due to their good
absorption of MW, carbon materials can also be used in other
applications as a heat receptor.””

The good absorbing nature of carbon materials has been
utilized in processes such as the pyrolysis of biomass and
waste””"**13% and  soil remediation.”*""*> Here carbon
materials are used as a receptor for MW radiation to provide
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Fig. 5 Controlling rate of reaction using MW heating: (a) induced heating and (b) inversion heating.* Reprinted (adapted) with permission from ref.

113, copyright (1993), Elsevier B.V. All rights reserved.
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Table 2 Dielectric loss factor of some carbon materials at a frequency
of 2.45 GHz and at room temperature, 298 K (ref. 77)

Carbon material tan & Ref.

Coal 0.02-0.08 116 and 117
Carbon foam 0.05-0.20 118

Charcoal 0.11-0.29 119 and 120
Carbon black 0.35-0.83 121 and 122
Activated carbon 0.57-0.80 119, 123 and 124
Activated carbon 0.22-2.95 125

Carbon nanotube 0.25-1.14 126 and 127

CSi nanofibres 0.58-1.00 128

the required heating temperature for these reactions.
Accordingly, carbon materials make these synthetic processes
less time consuming, reducing the energy consumption.'**™'3°
The production of carbon nanofilaments is an example of
these processes, which previously involved expensive and long
processes. For the synthesis of carbon nanofilaments, acti-
vated carbon was irradiated by MW in the presence of CH,/N,
and CH,/CO,. In both cases, activated carbon acts as both a
catalyst and receptor.”*>"*” The production of nanofilaments
is not possible via the conventional heating method. This is
because MW heating encourages the formation of nanofila-
ments in an entirely different way that is not possible with con-
ventional heating. Ko et al."*® employed MW radiation for the
purification of carbon nanotubes in nitric acid. The
functionalization of carbon nanotubes takes a long time and
involves many steps. This problem can also be solved by using
MW-assisted functionalization. Reactions such as amidation
and 1,3-dipolar cycloaddition for the functionalization of
carbon nanotubes can be done within 15 min. The additional
advantages of using MW heating for functionalization is no
need for the use of toxic agents, uniform dispersion and unda-
maged carbon nanotubes.'** MW heating has also been used
for the production of many carbon-based products from graph-
ite such as isotropic anisotropic pitch-based carbon powder,
expanded graphite with a layered structure having a larger
interlayer separation than the natural graphite,"** and syn-
thesis of ordered mesoporous graphite carbon materials. MW
heating also makes the conventionally used hydrothermal and
sol-gel processes much simpler and faster.'*' Traditionally,
activated carbon is produced via the activation of organic pre-
cursors at high temperatures up to 1173 K. However, with MW
radiation, completion of the reaction can be achieved in a
short time and at a much lower temperature, that is, from 673
to 1073 K.'**> Norman and Cha et al.'*’ reported the activation
of char for the synthesis of microporous activated carbon. MW
heating has also been used for removing functionalities or
reduction of activated carbon. There are other processes that
have been simplified and shortened by applying MW heating
such as the vulcanization of rubber, MW-assisted polyol
process, and drying of carbon xerogels. There are several
reports on the use of MW heating for inducing pyrolysis with a
carbon mixture and various metal oxides.””1297132:1447146 Thyg
the MW absorption property of carbon materials makes their
synthesis and modification much simpler compared to con-
ventional thermal heating methods.
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3.2. Metal oxide nanomaterials

MW heating is also becoming popular for synthesis in areas
such as inorganic, organic, and polymer chemistry and bio-
chemical processes. MW radiation has been successfully used
for the synthesis of metal nanoparticles with different shapes,
sizes, morphologies, and compositions. The nature of nano-
particles is highly dependent on their physical and structural
characteristics. Many processes such as solvothermal syn-
thesis, template-assisted synthesis, and thermolysis of pre-
cursors have been wused for the synthesis of metal
nanoparticles.'*”**° The use of MW heating in these syntheses
provides a way for the large-scale production and controlling
the size of nanoparticles. MWI decreases the activation energy
of a reaction with an increase in the reaction rate. The high
internal energy results in the fast decomposition of the precur-
sor and fast nucleation growth, resulting in homogeneous
morphological and controlled compositional changes in nano-
particles. MW heating also controls the critical size of particles
via uniform heating rates. Diverse dimensional nanoparticles
have been fabricated by controlling the heating time of the
reaction and using suitable solvents.**™*%’

The size and morphology of nanoparticles are affected by the
growth and nucleation processes. These mechanisms are
described by the classical nucleation theory for the growth and
nucleation of nanoparticles.’>®* % Nucleation can be of two
types, namely, homogeneous nucleation and heterogeneous
nucleation. In the case of homogeneous nucleation, no other
particles are necessary and the precursor material itself forms a
cluster for nucleation. However, for heterogeneous nucleation,
the presence of foreign particles is required for the nucleation
and growth of nanoparticles. The growth of nanoparticles even-
tually gives rise to the formation of nanocrystals. This can be
summarized in three steps, ie., nucleation, growth and com-
pletion of growth, which is commonly known as Ostwald ripen-
ing. In Ostwald ripening two processes occur, which are growth
and diffusion limited aggregation and are mainly dependent on
temperature. MWI offers constant temperature throughout the
solution/material due to fast heating rate and inward heating.

Researchers have synthesized metal ferrite (MFe,O3, M = Fe,
Mn, Co, Ni, and Zn) via the assistance of MWL'®" In this
process, in addition to precursor materials, oleic acid and oleyla-
mine were used as ligating solvents. The results showed a
change in morphology by changing the MWI time and also by
making some compositional changes. Fig. 6 presents the effect
of MWI duration on the morphology of Fe,Oj3. Bilecka et al.'®?
reported the MW-assisted synthesis of ZnO nanoparticles. The
synthesis of ZnO involves esterification and is a first order reac-
tion. The rate constant of the reaction was calculated to be sig-
nificantly high in case of MW heating (15 nm® min™") in com-
parison to conventional heating (3.9 nm® min™"). These results
give clear evidence of the effective heating by MW. Another
report on the synthesis of ZnO oxide showed morphological
changes with a change in the MWI heating time. It was found
under similar conditions, heating for 30 s resulted in the for-
mation of cube-shaped nanoparticles, whereas heating for 60 s
resulted in the formation of ZnO nanorods,”” as shown in Fig. 7.
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Fig. 6 TEM images of FesO,: effect of using different compositions and times of MWI. (a) 4 nm and (b) 20 nm prepared using the same ratio of
oleic acid to oleylamine (1: 1) at different MW times (6—8 min and 15-18 min, respectively). (c) Triangular and prism shapes and (d) quasi cubes and
triangular shapes prepared using oleic acid to oleylamine ratios of 2:1 and 3 : 1, respectively.'®* Reprinted (adapted) with permission from ref. 161,

copyright (2013), Springer. All rights reserved.

Fig. 7 TEM images of ZnO nanostructures prepared by MWI of 0.1 M zinc acetate solution in pure oleic acid for 30 s (a) and 60 s (b).** Reprinted
(adapted) with permission from ref. 161, copyright (2013), Springer. All rights reserved.

MW-assisted methods for the synthesis of other metal
oxides such as TiO,, CeO,, and rare earth oxides (M,O3;, M =
Pr, Nd, Sm, Gd, Tb, and Dy) have also been reported.'®* ">
These metal oxides were further used in many applications

This journal is © The Royal Society of Chemistry 2021

such as optical communication, oxidation of heavy metal oils,
and UV shielding. Transition metal oxides are extensively used
in energy storage applications. The MW-assisted synthesis of
these metal oxides makes the process cost efficient and easy.
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Huang et al."®® developed a-MnO, nanofibers using an MW-
assisted hydrothermal method. This synthesis was performed
at 200 °C temperature with a holding time of 10 s-30 min.
MnO, exists in the «, B, y and & phases. Chen et al.'® syn-
thesized all the phases of MnO, via MW-assisted synthesis uti-
lizing the reduction reaction of MnCl,-KMnO, under MWI.
There are other reports on the MW-assisted synthesis of
different metal oxides such as Co;0, *°®'®® and Ni0.'”° TiO,
materials were prepared via both conventional and MW
heating, in which MW-assisted synthesis resulted in higher
crystallinity in a shorter processing time. The MW-assisted syn-
thesis was completed in 30-60 min, whereas conventional
heating took 8-12 h for completion."”*

3.3. Metal hydroxide nanomaterials

Metal hydroxides have also been synthesized via MWI and
used in many energy storage applications such as rechargeable
batteries and supercapacitors.'”>** The synthesis time and
cost are very important for the commercialization of materials,
which can both be efficiently improved by MW heating. Xu
et al.'’® studied the hydrothermal synthesis of 3D flowerlike
a-Ni(OH), via MWe-assisted and conventional heating. The
XRD pattern of the product, as shown in Fig. 8a, reveals highly
intense peaks in the case of MW-assisted synthesis compared
to conventional heating. MW heating is more beneficial for
the crystalline structure of materials compared to conventional
heating. Also, a morphological study showed that particles pre-
pared via the MW-assisted method were uniform in shape and
size, which was not in the case of conventional synthesis. This
uniformity in the shape and size of particles is due to the
uniform and rapid heating by MWs. One group described the
preparation of o-Ni(OH), employing MW heating."”® Ni
(NO3),-6H,O was used as a precursor in ethanol solvent and
heated at 150 °C for 15 min. This green product a-Ni(OH), was
further transformed into NiO via calcination at 300 °C, 350 °C,
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and 400 °C. The growth mechanism for the formation of o-Ni
(OH), followed the same steps as discussed previously for
metal oxides. Briefly, nucleation occurs when Ni** ions are
reduced with ethanol in the presence of MW heating. Once
a-Ni(OH), nucleation occurs, then its growth is dominated by
the Ostwald ripening phenomenon. The morphology of o-Ni
(OH), is dominated by 2D layers, which further grow and give
rise to a flower-type morphology.'”® The SEM and TEM images
of the synthesized a-Ni(OH), are shown in Fig. 8b and c,
respectively. The calcined product NiO showed very good cyclic
stability and a specific capacitance of 277 F g~*.'”°

The growth of a-Ni(OH), using MW-assisted synthesis was
also demonstrated by Zhu et al.'’*> The specific capacitance of
o-Ni(OH), was 4172.5 F g”' at a current density of 1 A g™,
Besides Ni(OH),, there are many other transition metal hydrox-
ides that have been synthesized by MW heating. For example,
Liu et al.'®® synthesized layered cobalt hydroxide nanocones
intercalated with dodecylsulphate (DS) ions. The product
showed a nanocone-type morphology, in which the size of the
tip diameter was 20 nm and the bottom diameter was 400 nm
with the length of the cone of 2 ym. For 10 min heating at
100 °C, a mixed morphology of nanocones and sheets was
obtained, but on increasing the holding time to 30 min, only
nanocones were formed.'®® Some groups also discussed the
formation of composites of two metal hydroxides such as Zn-
Al double layered structure and composite of Co,Ni;_,(OH),
nanosheets. Chen et al.'®" fabricated nanosheets of Co-Ni
hydroxide using MW, applying 40% of the maximum power of
1250 W for 3 min, resulting in the composition of
Coy.»Niy g(OH), having a hexagonal nanosheet morphology. A
comparative study was also performed to determine the effect
of conventional heating and MW heating on the synthesis of a
Zn-Al SDS composite. The results confirmed that MW heating
is much faster than the conventional method and endows the
material with good crystallinity.'®*
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Fig. 8 (a) XRD pattern of a-Ni(OH), synthesized by (i) conventional heating method and (i) MW heating method.*”® (b) SEM image of «-Ni(OH), and
(c) TEM image of a-Ni(OH),.”° Reprinted (adapted) with permission from ref. 178 and 179, copyright (2008 and 2010), the American Chemical

Society.
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3.4. Carbon mixed metal oxide/hydroxide nanomaterials

It is known that carbon materials contain good MW absorp-
tion capacity and many carbon allotropes and nanostructures
are used in many applications."®*'®* Thus, the MW-assisted
formation of composites can improve the synthesis process,
form homogeneous composites and enhance the material
efficiency. Composites of carbon and metal oxides/hydroxides
have been significantly used in energy storage such as super-
capacitors and batteries.'®"°® In conventional heating, the
synthesis mechanisms commonly lead to heterogeneous
nucleation due to the temperature gradient. However, in MW-
assisted synthesis, carbon materials mostly act as a substrate
given that they have good absorption capacity toward MWs.
Also, the presence of carbon materials and the concentration
of the precursor materials considerably affect the morphologi-
cal-dependent characteristics. Kim et al.'®” studied the mor-
phology of an rGO and Co/Ni(G/CoNi) hydroxide composite. It
was deduced that with a change in the composition of CoNi,
the morphology of the product changes. For the compositional
ratio of 4:1 (G/CoNi), a sheet-like morphology was formed,
whereas for 1:4 ratio, aggregation of the CoNi particles
occurred, which resulted in the formation of a nanosphere-
type of morphology. The advantage associated with MW-
assisted synthesis is that the reduction of graphite oxide and
the formation of the composite occur simultaneously. The
composite also gave a superior electrochemical performance
with a specific capacitance of 1622 F g~ for G-CoNi 2:1."%7
Fig. 9 reveals the effect of MWI time on the morphology of
multi-walled CNT (MWCNT)/Ag nanoparticles. The diameter of
Ag nanoparticles varies with a variation in the MW irradiation
time. Composites were prepared by mixing silver acetate as a
silver source and MWCNT powder in a stoichiometric ratio
using a mortar and pestle. This mixture was then irradiated for
60 min at the power of 300 W and temperature of ~300 °C. A
similar study was conducted using conventional heating
methods, in which the average diameter of the nanoparticle
was 40-50 nm. However, in the case of the MW-assisted syn-
thesis, the average diameter of the nanomaterial was much
larger, i.e., 20-100 nm."*® Loupy et al.'®® revealed that MW-
assisted synthesis produced a 90% increase in yield compared
with conventional synthesis. Several studies confirmed that
the increase in yield is purely because of non-thermal MW
effects. Numerous studies have demonstrated the formation of
CNTs and metal hydroxide and metal oxide composites.?**>*
A CNT/RuO, composite was obtained by Kim et al.,****° in
which the uniform distribution and loading of nanoparticles
on CNT was achieved by controlled heating. Up to 70%
loading of RuO, with an average diameter of 2 nm was
achieved. Guo et al.”®* prepared uniform carbon-coated ZnO
nanorods via MW-assisted synthesis and studied their photo-
catalytic activity cytotoxicity. Prior to MWI, the surface of the
ZnO rods was modified by amino groups. The system was
then irradiated at 100 °C for 30 min, resulting in the for-
mation of the composite. The TEM and SEM images of the
samples revealed that rods were uniform with an average size

This journal is © The Royal Society of Chemistry 2021
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of ~12 nm. The particle size distribution is shown in the inset
of the graph in Fig. 10a.

3.5. Current state of the art on microwave-assisted synthesis:
carbon nanomaterials and metal oxide/hydroxide
nanomaterials

The current trend of MW synthesis is mainly focused on the
development of advanced carbon materials with high porosity,
enhanced surface area, and superior mechanical properties.
Nano-structured carbon materials are significantly synthesized
using various MW routes including MW-assisted pyrolysis,
MW-induced hydrothermal/solvothermal process, and MW-
assisted activation.>® In a recent study, N-doped and oxygen-
functionalized carbon nanoonions were combined with Pd
nanoparticles through MW heating.>*® The resultant compo-
site was utilized as an efficient anode electrocatalyst for alka-
line fuel cells. In another report, Eskalen et al. demonstrated
the MW-assisted hydrothermal synthesis of carbon dots from
acid linter waste.>®” The carbon dots displayed efficiency for
fluorescence cancer imaging and human cell growth inhibition
properties. Moreover, carbon quantum dots were synthesized
using citric acid and urea in a domestic MW oven.?°® A dark
brown cluster of carbon quantum dots was prepared within a
period of 300 s. A pictorial overview of the color change in the
intermediates of this MW synthetic route is shown in Fig. 11.
This special type of carbon material displayed enhanced
optical properties, which can be efficient for organic solar
cells.

The MW-assisted synthesis process was further extended to
the synthesis of N,S-doped carbon dots using citric acid and
thiourea.”*® With the MW power of 550 W, the doped carbon
nanomaterial was synthesized within only 5 min, indicating a
rapid and efficient synthetic route. The doped carbon dots
demonstrated extensive mercury ion sensing properties. In a
recent study, Xia et al. demonstrated the ultrafast MW-assisted
synthesis of N-doped mesoporous carbon on Ni foam.>'* A
strong MW power of 1000-2000 W was applied to melamine-
loaded resol-coated Ni foam under an N, atmosphere for only
3 min to synthesize this special type of carbon material. The
MW heating process was further implemented to produce a
composite of histidine-functionalized graphene quantum dots
and Ni-Co layered double hydroxide (LDH).>!* The composite
displayed superior electrochemical performances, and thus
can be applied in the fabrication of supercapacitor electrodes.
MW synthesis route has also been found to be beneficial for
the development of other supercapacitor electrodes. For
example, graphene was combined with MoS, through MW
heating using sodium molybdate dihydrate (Na,Mo00O,-2H,0)
as the Mo precursor and r-cysteine as the sulfur source and
reducing agent.”'> Besides graphene, CNT was also combined
with a metal oxide such as NiO through MWI at a high power
of 560 W for 10 min in a domestic MW oven.>'* The current
MW reaction process was successful with the assistance of
H,0,. Similar to the previous report, the current composite
also demonstrated excellent electrochemical performances for
application in supercapacitors. All these studies clearly indi-
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Fig. 9 SEM images of various samples of silver/MWCNT starting material (a) 1 min, (b) 2 min, (c) 5 min, (d) 10 min, (e) 30 min, and (f) 60 min, of
MW!.2%8 Reprinted (adapted) with permission from ref. 198, copyright (2011), the American Chemical Society.

cate the impact of the MW synthetic route for producing nano-
structured carbon materials with versatile application
potential.

The MW synthetic route has been considered an eco-
friendly, green, and sustainable synthetic approach for the pro-
duction of metal oxides with nano-architectures. In recent
years, MW heating was found to be more beneficial compared
to the conventional heating approach in terms of reaction time

1690 | Nanoscale, 2021, 13, 11679-11711

and product yield.*'* For example, the MW-assisted hydro-
thermal approach was employed by Zhang et al. to synthesize
beta-bismuth(m) oxide (B-Bi,O3) nanopowder.>"> The synthetic
approach was successful in reducing the reaction time from
24 h to 2 h. The resultant metal oxide demonstrated superior
photocatalytic properties for the degradation of methyl orange.
Mixed metal oxides are a new class of metal oxides, which are
suitable for many future applications. In this case,

This journal is © The Royal Society of Chemistry 2021
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Fig. 10 (a) Schematic diagram showing the synthesis of carbon-coated ZnO. (b) TEM (inset: average size distribution of 200 rods) and (c) SEM
images of ZnO nanorods.?°* Reprinted (adapted) with permission from ref. 204, copyright (2009), the American Chemical Society.

Hashemzehi et al. reported a MW-assisted solution combus-
tion process to produce a Cu-Zn-Al mixed metal oxide.”'® In
another report, a Ti/(RuO,),5(IrO,)o.s anode was synthesized
through an MW heating process at a high MW power of 700 W
for application in the dye degradation process.”’” A compara-
tive study on the dye degradation properties of the mixed
metal oxide synthesized via conventional and MW heating
clearly indicated the superior performance of the MW-syn-
thesized metal oxide. Moreover, a CoMnMgAl mixed oxide
catalyst was synthesized through an MW-assisted self-combus-
tion process.”'® The mixed metal oxide exhibited promising
catalytic activity for the total oxidation of toluene. For sensing
applications, MW technology has also been employed. For

This journal is © The Royal Society of Chemistry 2021

example, a CuO/ZnO heterojunction composite was syn-
thesized through an MW-epoxy-assisted hydrothermal
method.?® This composite demonstrated promising H,S gas
sensing properties. To understand the MW synthetic approach,
the synthesis process of this metal oxide-based composite is
schematically shown in Fig. 12. In another report, a nano-
composite based on CdO and MgO was synthesized through
an MW-assisted green approach using the acetate precursors
of Cd and Mg.**° This composite displayed excellent anti-
microbial, anti-breast and anti-lung cancer activity. Superior
antibacterial activity was further exhibited by (Ag, Co)-codoped
CuO nanoparticles, which were synthesized through the MWI
approach.”' In a typical process, all the precursor materials
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Fig. 11 (a) Change in sample color with reaction time. (b) Samples depicting the change in color and CQD formation upon heat treatment of (i) 150
s, (i) 210 s, and (iii) 300 s. (c) Reaction pathway for the synthesis of CQDs with an increase in temperature.?°® Reprinted (adapted) with permission
from ref. 208, copyright (2020), Taylor & Francis Group. All rights reserved.

were irradiated with the MW energy of 2.45 GHz at the corres-
ponding power of 800 W for 30 min.

For further property enhancement, metal oxides have been
combined with carbon nanomaterials through the MWI
process. For example, in a recent study, Kumar et al. proposed
a MWI approach for the synthesis of an Mn;0,-Fe,05/
Fe;0,@rGO ternary hybrid for the fabrication of advanced
supercapacitor electrodes.?”* Using graphite oxide as the pre-
cursor for graphene, the authors applied a high MWI power
(900 W) for only 30 s to achieve the ternary hybrid. It is impor-
tant to mention that the consecutive exfoliation and reduction
of graphite oxide to form graphene are possible through MWI.
A schematic of the synthetic approach and the mechanism of
the synthesis of the ternary hybrid are presented in Fig. 13.

A MW-induced hydrothermal process was employed to syn-
thesize a ternary nanocomposite based on Fe;0,, rGO, and
MoO; for energy storage application.”*® In the presence of
MWI, the hydrothermal reaction time was restricted to only
1 h. Table 3 provides a summary of the various works based on
the MW-assisted synthesis of metal oxides, metal hydroxides,
and composites of carbon materials/metal oxides/hydroxides
and their related applications.

1692 | Nanoscale, 2021,13, 1679-N171

4. Recent trends on microwave-
assisted hydrothermal/solvothermal
synthesis of organic nanomaterials

Similar to other synthetic areas, MW heating is significant in
solvent-mediated hydrothermal/solvothermal organic synthesis.
MW-assisted organic synthesis can be done using water or other
polar solvents. Many organic reactants are insoluble in water,
which results in an inhomogeneous solution. However, MW
heating relies on dielectric heating, and thus the behavior of a
particular solvent changes with a change in temperature due to
the change in dielectric constant. The dielectric constant of
water is 78 at 25 °C and 20 at 300 °C, respectively. Thus, at high
temperature, water can act as a pseudo-organic solvent for many
organic syntheses. MW heating also makes solvent-free syn-
thesis feasible.”***>**® Organic synthesis proceeding in water
and other solvents is heavily applied in industrial applications.

4.1. Hydrolysis of benzyl alcohol and benzamide

These reactions usually take approximately 35 min and 1 h for
the hydrolysis of benzyl chloride and benzamide, respectively.

This journal is © The Royal Society of Chemistry 2021
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Fig. 12 Schematic illustration of the MW synthetic approach for CuO/ZnO heterojunction: (a) complete synthetic process and (b) various samples
prepared in this study.?'° Reprinted (adapted) with permission from ref. 219, copyright (2020), the American Chemical Society.

However, when these reactions are carried by MWI, they pro-
ceeded for only 3 min (benzyl alcohol) and 7 min
(benzamide).>*¢">48

C¢H;5CH,Cl(benzyl chloride) + H,O

MW3 min CsH;CH,OH (benzyl alcohol 97%)

CsH5CONH, (benzamide)
MW, 7 min, 20% H,SO S
PRI 6eH5COOH (benzoic acid 99%)
The yield obtained was large compared to the reaction
carried under conventional synthetic conditions.

4.2. Esterification

A small amount of conc. H,SO, was used as a catalyst and
6 min was required for completion of the reaction.**’

C¢H5COOH (benzoic acid) + nC3H;OH
MW, 6 min,cone- oS0 (o 1. CO0,H; (propylbenzoate)
Various organic reactions assisted by MWI have been

studied by many researchers. Some of these reactions are

shown below as Schemes 1,>°° 2,>°" 3,*°> and 4 **? in Fig. 14.

Scheme 1 was carried by Shi et al.,>*° where they synthesized

thiazolo[3,2-a]pyridines and also checked their anti-oxidant

and cytotoxic activities. It was previously reported that these
types of compounds show high biological activities.>>*

Isoniazid (INH) (Scheme 2) was also synthesized via the

MW-assisted reaction of various benzaldehydes and dime-

done in water with a catalytic amount of p-dodecylbenzene-

This journal is © The Royal Society of Chemistry 2021

sulfonic acid (DBSA). These synthesized compounds were
analyzed further for their anti-TB activity toward
Mycobacterium tuberculosis (H37Rv) [MTB].>*' Schemes 1 and
2 are examples of N-heterocycle organic reactions. MW
heating is also capable of carrying out many other organic
reactions such as cross-coupling reactions,>**> Huisgen 1,3-
dipolar cycloadditions,*** hydration of nitrile and hydrogen-
ation reactions,>> and synthesis of p- and y-hydroxy sul-
fides.>®® Scheme 3 corresponds to two organic reactions,
where one is for the Sonogashira cross coupling of aryl
iodide and bromides, which was introduced by Ley et al.>*?
This reaction gave a very good yield of 99% under MWI. The
second reaction shown in Scheme 4 is an example of
Huisgen 1,3-dipolar cycloaddition.**® MW-assisted hydration
of nitrile and hydrogenation reactions for the synthesis of
magnetite silica-decorated ruthenium hydroxide (Fe;0,4-SiO,-
Ru(OH),) was performed and these compounds were further
applied in the synthesis of dyes,>” pharmaceuticals, etc.
Thus, this discussion clearly indicates that MW-assisted syn-
thesis also has a significant contribution in the field of
organic chemistry.

4.3. Microwave-assisted synthesized nanomaterials for energy
related applications: past and present

The synthesis of nanomaterials using MWI has attracted sig-
nificant interest because of its easy reaction completion, cost
effectiveness, selective heating, etc. In the next section, some
of the reported works on MW-assisted-synthesized nano-
materials are described, which were further used in many
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energy-related applications such as supercapacitors and
batteries.

4.4. Supercapacitors

Metal and metal oxide/hydroxide nanoparticles have been
used for supercapacitor applications as electrode materials.
Zhang et al.>®” synthesized y-MnO, and a-MnO, using MWI in
5-30 min. The morphology results showed that as the radi-
ation holding time increased, the morphology of MnO, was
affected. With an increase in MWI time from 5 min to 30 min,
the number of nanowires and nanoplatelets increased together
with an increase in their length, as shown in Fig. 15. Fig. 15a-f
correspond to the synthesis in acidic conditions and Fig. 15g-1
correspond to the synthesis in neutral conditions at different
MW heating times. In acidic conditions, an urchin-like nano-
structure morphology was formed, which consisted of uniform
nanorods. In the neutral case, the MnO, showed a nanoplate-

1694 | Nanoscale, 2021,13, 1679-11711

let and nanowire morphology. This indicates that the experi-
mental conditions significantly affect the products. The
highest specific capacitance offered by MnO, was 311 F g™*

a current density of 0.2 A ¢”', which was obtained for y-MnO,
nanoparticles. Thus, this method provides a way that is much
more cost efficient and less time consuming compared to the
conventional synthesis method. Also, this provides a way of
controlling morphological aspects by controlling the heating
time.>”” Co;0,4 was synthesized using MW heating at 240 W for
5 min. Co(NO3),-6H,0 was used as the cobalt source and water
and ammonia were used as the solvent and for maintaining
the pH of the solution, respectively. After MW treatment, the
precipitates were calcined at 300 °C for 1 h. The size of the
nanoparticles was found to be uniform and the mean particle
size was 24 nm. The uniform size of the nanoparticles was due
to the uniform heating by MWI. Electrochemical measure-
ments of these nanoparticles gave the maximum specific

This journal is © The Royal Society of Chemistry 2021
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Table 3 Summary of some of the published reports on the MW-assisted synthesis of metal oxides, metal hydroxides, and composites of carbon
materials/metal oxides/hydroxides and their applications
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Morphology and structure

Material Material type Precursors/solvent of materials MW condition Results/application Ref.
Metal MgO, NiO, Magnesium ethylate, zinc Amorphous powder with 30 min Nanoparticles prepared 224
oxide ZnO, ZrO,, acetate tetrahydrate, nickel particle size in the range of by MW-assisted
Fe,03, Al,O4 acetate tetrahydrate, 0.7-3.7 nm after annealing. synthesis
aluminium-tri-sec-butoxide,
ferric acetate, zirconium(wv)
isopropoxide/ethyl acetate,
ethanol, PVP
Bi,O; Bi(NO3);-5H,0, nitric acid/ Nanorods 6 min refluxing at ~ Cost effective for 225
H,0 medium power of synthesis of Bi,O;
MW oven nanorods
PVP, NaOH Diameter ~100 nm; length:
several micrometers/
monoclinic crystalline
a-Bi, 05
CeO, (Ce(NO3);-6H,0), 14 nm spheres assembled 170 °C for 30 min  Good absorption 226
HAuCl,-4H,0, sodium in hollow spheres (260 nm) capacity for heavy
hydroxide/urea, ammonia, metal ions
and ethanol
Co030, Cobalt nitrate and urea Foamy porous morphology 15 min at 2.45 Coercivity value was 227
with cubic spinel structure. GHz, 800 W. 56.7 Oe.
CuO Cu(CH3COO),/EtOH NaOH,  Sphere morphology with 10 min heating Band gap estimated to 228
PEG average size of 4 nm and with 20 MW be 2.43 eV
single-phase monoclinic heating cycles (6 s
CuO ON/24 s OFF)
o-Fe, 03 FeCl;-6H,0O/HCI Spheres 31-66 nm with 2-8 h Effect of MWI on 229
a-Fe,0; morphology and other
aspects affecting
characteristics
100-160 °C
Cr,03, M00O,,  K,Fe(CN)s, K3Co(CN)g, KsMn  Octahedral, spherical, rod, 3 hat 180 °C, >1 Obtained nanoparticles 230
Co0, Mn,0; (CN)6, K3sMO(CN)g, K5Cr pine tree, snowflake-like atm can be used for
(CN)s/H,O assemblies 1-5 mm with biomedical and
orthorhombic Mn,03, catalytic properties
cubic Cr,03, M0O,, CoO
structures
In,03, T1,03 Indium(m) chloride, Hexagons 22 nm (In,03) 60 m (MW cycles: ~ BCC structured In,O3 231
thallium(ur) chloride/NH,OH and spherical nano- 12 s ON/7 s OFF) and cubic T1,0; were
particles (T1,03) with BCC  reflux prepared
In,03, and cubic T1,0;
PdO PdCl,/H,0, PVP, NaOH Spheres 1.8-3.2 nm and 6= 8 min refluxing at ~ Palladium oxide 232
NaOAc, CcH5CO,Na 25% with FCC structure 900 W with 10% nanoparticles with FCC
output power structure synthesized
SnO, SnCl,-5H,0/H,0, urea SnO, nanoparticles (size: 15 min refluxing Optical measurement 233
3 nm) with a 650 W showed a band gap of
power with 10% 4.5eV
output
TiO, TiCl,, HCIl, NH,OH TiO, nanorods (diameter: 5 min-8 h, Facile approach for 234
20-30 nm; length: 25-80 °C, 1 atm synthesis of TiO,
150-250 nm)
WO, Na,WO0,-2H,0, H,O0, WOj; nanowires (diameter: 20 min-3 h, High electrocatalytic 235
(NH,4),SO4, HC1 5-10 nm; length: 8-10 pm) 150 °C, >1 atm activity for hydrogen
evolution reaction
ZnO Zn(OAc),, hydrolyzed in di- ZnO colloidal nanocrystal 1-5 min steps, Highly sensitive sensor 236
ethylene glycol (DEG) clusters (nanocrystal size: 120-180 °C, 1 atm  for sensing humidity
8 nm; cluster size: 57 to
274 nm)
Zr0, ZrOCl,-8H,0/NaOH Spheres 10-20 nm with 120 min at 194 °C ~ Nanosized and 237
monoclinic structure at 14 atm crystalline particles of
ZrO, were obtained
Metal a-Ni(OH), Ni(NO;);-6H,O/EtOH, urea 3D flower-like morphology 90 °C for 15 min Enhanced 178
hydroxide with size of 700 nm-1 mm electrochemical activity
and it is a-Ni(OH), single due to flower-like
phase morphology
Mg(OH), Mg(NO3),/H,0, NaOH Fibre like 20-40 nm, 4 days under MW Fibre-like Mg(OH), was 238

This journal is © The Royal Society of Chemistry 2021

100-150 nm with a
hexagonal phase

(20 W) at 25 °C

synthesized
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Table 3 (Contd.)
Morphology and structure
Material Material type Precursors/solvent of materials MW condition Results/application Ref.
Carbon rGO-ZnO Zn(AC),-2H,0, RGO sheets ZnO nanocrystals are 300 W for Photoactivity for the 239
anchored on wrinkly rGO 10 min,**° MW decolorization of dyes  and
sheets,?** ZnO nanorods treatment for under visible light,**° 240
apparently originate froma 30 min**° adsorption-
centre forming flower-like photocatalysis®*
morphologies distributed
on the surface of rGO**°
GQDs-CuO Cupric acetate, GO/NaOH, GQDs/CuO nanocomposite  Under 800 W at For the sensing of the 149
nanoneedles H,O0, H,0, has a spindle-shaped 200 °C for 8 min H,0, and glucose
structure of 80 + 10 nm in
length and 16 + 5 nm in
width and structure of CuO
is monoclinic
Graphene- Cupric acetate, GO/DMF Quasi-spherical CuO 800 W for 20 min For the detection of 241
CuO nanoparticles embedded bisphenol-A
on graphene sheets,
30-50 nm in size with CuO
monoclinic crystal
structure
CNT-RuO, RuCl;, CNT/H,0 and NH; Average diameters of RuO,  ~700 W for 30 s For electrochemical 242
nanoparticles 1-2 nm supercapacitors
CNT-MnO, KMnO,, CNT, nitric acid MnO, can be rapidly 10 min MWI at Specific capacitance 243
nucleated on the wall of 700 W based on MnO,was 944
CNTs and 522 F g‘l at 1 and
500 mV s~
Graphene/ KMnO,, MnSO,-H,0, GO/ MnO, nanospheres with a 75 °C for 30 min Specific capacitance of 167
hierarchy H,0 size in the range of 100 to (the controlled 244 F g~' at a current
structure 200 nm uniformly distribu-  power was density of 100 mA g~*
MnO, ted on graphene sheet and  approximately 450
structure of MnO, is bir- W)
nessite type.
NiAl-layered Ni(NO3),-6H,0, Al NiAl-LDH nanosheets are MWI for 2 h at Specific capacitance of 244
double (NO3)3-9H,0 and GO attached to the surface of 100 °C 1630 Fg "at1Ag 'in
hydroxide/rGO rGO and structure of NiAl- 6 M KOH

LDHs is hexagonal

PVP: polyvinylpyrrolidone; DMF: N,N-dimethylmethanamide; PEG: polyethylene glycol; and EtOH: ethanol.

capacitance of 346 F g~! at a scan rate of 5 mV s~ . The specific

¢~! at a scan rate of 2 A g”'. Kumar et a

Z 261

also synthesized

capacitance was the maximum at a low current density and
low scan rates.>”® Wang et al.>*® reported the electrochemical
properties of a composite of metal/metal oxide nanoparticles
on graphene synthesized vie MW-assisted one-pot synthesis.
The metal used for the formation of this composite was PtRu
and the metal oxide was Sn0,.>*° Fig. 16 shows the cyclic vol-
tammetry (CV) and galvanometric charge/discharge curves for
the samples MnO,-A-5 and MnO,-N-5, where 5 is the MW
holding time and N and A mean neutral and acidic conditions,
respectively. It was found from the CV that the entire curve
showed a rectangular shape, which did not change much with
an increase in the scan rate, indicating that the material has
good capacitive reversibility. This good specific behavior was
due to the unique morphology of the material. According to
the galvanometric charge/discharge curves, the maximum
specific capacitance was 311 F g~ at a current density of 0.2A
g~! in the case of MnO,-N-5, which was less than that of
MnO,-A-5 (163 F g™'). This difference was because of the large
surface area of MnO,-N-5, which was 76 m” g~'. Another
report was published on the MW-assisted synthesis of RuO, by
Devadas et al.>®° The calculated specific capacitance was 737 F

1696 | Nanoscale, 2021,13, 1679-1171

copper-tungstate nano-powder via MW-assisted synthesis. The
nano-powder of Cu-WO, showed a specific capacitance of 77 F
¢71.2°" There are many reports on different types of nano-
materials and their further use for supercapacitors appli-
cations such as Mn;0, >%? and NiCo,0,.>%*

Nowadays, researchers are highly focused on the synthesis
of electrode materials using MW-assisted methods. The low-
cost synthesis of 3D flower-like NiCo microspheres via the MW
route without using any template/surfactant under atmos-
pheric pressure for electrode materials in supercapacitors was
reported by Li et al.'”® The electrochemical analysis showed
that the NiCo electrodes exhibited a specific capacitance of
1120 and 996 F ¢ at 1 at 10 A g™, respectively. After 2000
cycles, the capacitance reached 122.5% of its initial value at 10
A ¢~" and retained 93.8% at 30 A g~ after another 1000 cycles.
The asymmetric supercapacitor with NiCo as the positive elec-
trode and activated carbon from coal as the negative electrode
exhibited an energy density of 42.5 W h kg™'. Chandrasekaran
et al*®* reported the MW-assisted synthesis of mesoporous
hollow MnCuAl layered triple hydroxide nanocomposites as
electrode materials in symmetrical supercapacitors. The Mn-

This journal is © The Royal Society of Chemistry 2021
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Fig. 14 Scheme for synthesis via the MW-assisted method.”250-252
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Fig. 15 SEM images of MnO, prepared at (a, b, g, and h) 5 min, (c, d, i, and j) 10 min, and (e, f, k, and |) 30 min under (a—f) acidic condition and (g-1)
neutral condition.?%” Reprinted (adapted) with permission from ref. 257, copyright (2013), Elsevier B.V. All rights reserved.
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Fig. 16 (a and b) CV curves of MNO,-N-5 and MnO,-A-5 at different scan rates and (c and d) charge/discharge curves of MNO,-N-5 and MnO,-A-5
at current densities of 0.2 A g~ and 1 A g%, respectively.?>” Reprinted (adapted) with permission from ref. 257, copyright (2013), Elsevier B.V. All

rights reserved.

Cu-Al layered triple hydroxide exhibited 93.46% of its initial
capacitance after 5000 cycles. The symmetric solid-state super-
capacitor device using Mn-Cu-Al layered triple hydroxide deli-
vered an energy density of 101.75 W h kg™ " at a power density
of 900 W kg™ Xia et al.>*> demonstrated the MW-assisted syn-
thesis of layered metal hydroxide nanosheet arrays for aqueous
hybrid supercapacitors (Fig. 17a). The Ni(OH), nanosheets
arrays delivered a capacitance of 2516 and 1273 F g~ at 1 and
20 A g7, respectively (Fig. 17b). The Ni(OH),//activated carbon
aqueous hybrid supercapacitor delivered an energy density up
to 66.7 W h kg™" at 400 W kg™" with cycle stability of 85.2%
(Fig. 17c and d).

The MW-assisted synthesis of 3D-connected «-Ni(OH),
sheets as supercapacitor electrode materials was reported by
William et al.”®® The 3D-connected a-Ni(OH), sheet electrodes
exhibited a specific capacitance of 549 F ¢”' at 2 A g~ and
capacitance retention of 87.3% even after 10 000 charge/dis-
charge cycles. The supercapacitor device (a-Ni(OH),/poly-
urethane foam-6 M KOH/activated carbon) delivered an energy
density of 57 W h kg™ at a power density of 601 W kg™'. Fu
et al.*®” described the MW deposition synthesis of Ni(OH),/

1698 | Nanoscale, 2021, 13, 1679-1171

sorghum stalk biomass carbon electrode materials for super-
capacitors. Biomass carbon was synthesized using sorghum
stalk as the raw material, and Ni(OH), was decorated on the
sorghum stalk biomass carbon via a MW deposition method,
as shown in Fig. 18a. The Ni(OH),/sorghum stalk biomass
carbon exhibited specific capacitances of 889.2 and 490.1 F g™*
at a current density of 2 and 20 A g™, respectively (Fig. 18b). It
showed good stability with the capacitance retention of 95.9%
over 30 000 cycles at 20 A g~ (Fig. 18¢).

The MW-assisted thermal treatment-based synthesis of 3D
N-doped graphene coated with ZnO/NiO nanoparticles as elec-
trodes in supercapacitors was suggested by Zhang et al.>®®
ZnO/NiO nanoparticles with a size in the range of 10-20 nm
were anchored on 3D N-doped graphene, which exhibited a
specific capacitance of 1839.4 F g™" at a current density of 1 A
g~ ', After 6000 charge/discharge cycles at 10 A ¢~*, the specific
capacitance of the ZnO/NiO/3DNG electrode achieved 93%
retention of its initial capacitance. The ZnO/NiO/3D N-doped
graphene composite exhibited the maximum energy density of
35.32 W h kg™' with the power density 139.72 W kg™ at
current density of 10 A ¢”'. Kim et al.>® described the MW-

This journal is © The Royal Society of Chemistry 2021
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Fig. 17 (a) Schematic of MW-assisted synthesis of layered metal hydroxide nanosheet arrays, (b) specific capacitance vs. current density of Ni(OH),
nanosheet arrays, (c) Ragone plot and (d) cycle curves of Ni(OH), nanosheet arrays//activated carbon aqueous hybrid supercapacitor. Reprinted
(adapted) with permission from ref. 265, copyright (2019), Elsevier B.V. All rights reserved.
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Fig. 18 (a) Synthesis of Ni(OH),/sorghum stalk biomass carbon, (b) specific capacitance of Ni(OH),/sorghum stalk biomass carbon composite and
(c) cyclic property and columbic efficiency of Ni(OH),/sorghum stalk biomass carbon composite. Reprinted (adapted) with permission from ref. 267,

copyright (2020), Elsevier B.V. All rights reserved.
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(@) Schematic representation of the formation of CNT@NiMn,O4 nanocomposite, (b) specific capacitance of NiMn,O4 and CNT@NiMn,O4

nanocomposite at different current densities and (c) cycling stability of NiMn,O4 and CNT@NiMn,O,4 nanocomposite at 5 A g‘l. Reprinted (adapted)

with permission from ref. 273, copyright (2020), Elsevier B.V. All rights reserved.
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assisted synthesis of Fe;0,/rGO as a supercapacitor electrode.
Crystalline Fe;O, was dispersed on the surface of rGO
nanosheets, which avoided the re-aggregation due to the van
der Waals interaction between the neighboring rGO sheets.
The Fe;0,/rGO composite showed a specific capacitance of
972 F g~ at the current density of 1 A g”', which was higher
than that of rGO (251 F g~ ') and Fe;0, (183 Fg ).

The MW approach was employed for the synthesis of NiO/
NiS@CNT nanocomposites in 60 s for supercapacitors, which
exhibited long cycling stability.””® NiO/NiS@CNT showed a
specific capacitance of 809.7 F g~ ' at 1 A g~* and cycling stabi-
lity of 100% retention after 20 000 cycles at 5 A g~ In another
study, Zheng et al®' reported the synthesis of NiO/
Ni;S,@graphite nanocomposites via MW as a supercapacitor
electrode. Graphite flakes were decorated with NiO/NisS,,
giving the capacitance of 768 F g~' at 1 A g '. After 1000
cycles, the NiO/Ni;S,@graphite electrode showed a specific
capacitance of 692 F g™ " at 1 A ¢~ with a capacitance retention
of 90%. The NiO/Ni;S,@graphite and active carbon electrode-
based asymmetric supercapacitor exhibited a specific capaci-
tance of 68.5 F g~ ' at 1 A g”*, energy density of 28.86 W h kg™
and power density of 0.77 kW kg~ " with cycling stability of
80% retention after 2000 cycles. Faid et al.?”*> demonstrated
the synthesis of ternary mixed NiCoFeO, nanorods via an MW
process as an asymmetric supercapacitor electrode. The syn-
thesized NiCoFeO, nanorods showed a specific capacitance of
1263 F g~' (at 1 A g~") and cyclic stability of 97.2% capacitance
retention after 2000 cycles. The asymmetric supercapacitor
using the NiCoFeO, nanorods exhibited a power density of
10 kW kg™, energy density of 9.8 W h kg™, coulombic
efficiency of 95.5%, and capacitance retention of 94% after
4000 cycles. Sun et al.®”® reported the MW-assisted hydro-
thermal synthesis of a CNTs@NiMn,O, core-shell nano-
composite for asymmetric supercapacitors. The schematic rep-
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CNTs@NiMn,0, core-shell nanocomposite. The
CNT®@NiMn,0, core-shell nanocomposite exhibited a specific
capacitance 915.6 F g™ " at a current density of 1 A g”' and
cycling stability of 93.0% capacitance retention after 5000
cycles at 5 A g~ (Fig. 19b). The asymmetric supercapacitor
device using CNT@NiMn,0, as the positive electrode exhibi-
ted an energy density of 36.5 W h kg™ " at a power density of
800 W kg~ with cycling stability of 82.8% capacitance reten-
tion after 10 000 cycles at 5 A g~* (Fig. 19c).

MW-assisted graphene derivatives combined with various
types of metal oxides have been used as promising electrode
materials for supercapacitors.>’*>’® The synthesis of V,05/gra-
phene composites as electrode materials in supercapacitors
using the MW method was reported by Fu et al.?’”® The V,05/
graphene composites were used in symmetrical super-
capacitors, demonstrating specific capacitances of 673.2 and
474.6 F g ' at 1 and 10 A g™, respectively with 96.8% capaci-
tance retention after 10 000 cycles at 1 A g~'. The assembled
supercapacitor devices showed an energy density of 46.8 W h
kg™ and 32.9 W h kg™" at a power density of 499.4 W kg " and
4746.0 W kg™, respectively. Kumar et al.>*® described the syn-
thesis of ZnO nanoparticles anchored on rGO nanosheets via
the MW approach for supercapacitor electrodes. The syn-
thesized ZnO@rGO nanocomposite showed a specific capaci-
tance of 102.4 F g~' at 30 mV s~ and cyclic stability of 82.5%
for 3000 cycles at 100 mV s~ .

4.5. Batteries

MW-assisted synthesis has also been used for the fabrication
of materials for battery applications given that it is simple,
cost efficient, not time consuming and nanoparticles with
different morphologies can be prepared.”’”” MW-assisted
hydrothermal synthesis was employed for the synthesis of
nanoflower and nanoparticle spinel of Li;TisO;,. In this syn-

resentation in Fig. 19a shows the formation of the thesis, LIOH and titanium tetraisopropoxide were used as pre-
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Fig. 21 (a) Galvanostatic charge/discharge curves for LisTisO;, prepared at 130 °C and 170 °C between 1 and 2.5 V at a current density of 200 mA
g7%. (b) Cycling performance of Li,TisO;, prepared at 130 °C and 170 °C measured at a current density of 200 mA g~*.28! Reprinted (adapted) with

permission from ref. 281, copyright (2012), Elsevier B.V. All rights reserved.
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cursors with water as the solvent. The synthesis was carried
out in an MW-assisted hydrothermal system at 130-170 °C
with a holding time of 20 min. Subsequently, the product was
calcined at 550 °C for 6 h in air. The morphology of both
samples prepared at 130 °C and 170 °C was studied, as shown
in Fig. 20a-d. It was found that the sample prepared at 130 °C
exhibited a flower-like morphology and that prepared at 170 °C
consisted of different-sized nanoparticles. The flower dimen-
sions varied from 500-900 nm and the nanoparticle size varied
from tens of nanometers to hundreds of nanometers. The
surface area measurements indicated the presence of meso-
porous and macroporous nanoparticles, and the calculated
surface area of the flower was 48 cm” g~ and 12.1 ecm* g™ for
the nanoparticles. Fig. 20e and f show the cyclic CV for the
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nanoflowers and nanoparticles of Li,TisO,,, respectively. There
were two peaks in both cases, which correspond to the
reduction and oxidation of Li. There was a significant voltage
difference in both cases, and the anodic and cathodic peaks
were not symmetrical. This was because of the slow Li inser-
tion and extraction due to bulk spinel, which was formed due
to the agglomeration of the nanoparticles. Also, the overlap-
ping of the peaks for the nanoflower signified good reversibil-
ity, whereas in case of spinel, there was no overlapping for
each cycle. Fig. 21 shows galvanostatic charge/discharge and
cyclic stability study. The first discharge capacity for the nano-
flowers and nanoparticles reached 176 mA h g¢~* and 109.8 mA
h g~ with an irreversible cycling capacity of 14% and 12%,
respectively.”®* Thus, the MW hydrothermal method is an
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Fig. 22 (a) Schematic illustration of the preparation of Co30,4/CeQ,, (b) cycling performance of as-obtained samples at 100 mA g7, (c) rate per-
formance of Coz0,4 and 5C030,4/CeO,, and (d) Nyquist plots of Coz0,4 and 5Co030,4/CeO, after 100 cycles and the equivalent circuit diagram of the
cells.>'® Reprinted (adapted) with permission from ref. 319, copyright (2021), Elsevier B.V. All rights reserved.
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efficient method for synthesizing materials for application in
batteries. Other reports are also available on the MW synthesis
of many other types of nanoparticles. Rai et al.*®* reported the
MW synthesis of NiO nanoparticles, which can act as electrode
material in Li-ion batteries (LIBs). It was found that these NiO
nanoparticles showed a high discharge capacity of 1111.08 mA
h ¢g~" and maintained 80% of this capacity after 20 cycles.**?
Also MW-assisted-synthesized Co;0, nanoflakes showed a
specific capacity of 883 mA h g™ at a current rate of 0.1C.>%
MW-assisted graphene composites with nanoparticles and
metal oxides can also be used as electrode materials for LIBs.
Baek et al.*®' synthesized SnO, and Fe;O,/graphene nano-
composites via a one-pot MW-assisted non-aqueous sol-gel
approach for LIBs. There are many more reports showing that
MW-assisted methods have the capability to synthesize
efficient electrode materials for LIBs.”**% MW-assisted-syn-
thesized nanoparticles also showed very good photocatalytic
properties. Other authors have also reported similar types of
Work.2877289

In recent years, the MW-assisted approach has significantly
improved battery technology.>°*° Mainly, for the fabrication
of secondary battery electrodes, the MW synthetic route has
become highly significant.****'> Among the various secondary
batteries, LIBs are the most popular.*’*'® Accordingly, an
anode material based on the Co;0,/CeO, heterostructure was
synthesized in an MW digester at a temperature of 100 °C for
1 h for LIB application.>'® For this MW synthetic process, a
Co-Ce metal-organic framework precursor was used. The
anode displayed a high capacity of 1131.2 mA h g' at the
current density of 100 mA g~ after 100 charge/discharge

View Article Online
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cycles. A schematic of the synthesis process and battery per-
formance of the Co;0,/CeO, heterostructure are shown in
Fig. 22. In a recent report, MW-synthesized high-quality rGO
exhibited excellent electrochemical performance for appli-
cation as both an anode and cathode material for LIBs.*>*® For
example, as an LIB anode, the rGO electrode exhibited an
enhanced capacity of 750 mA h g™, and as an LIB cathode, it
displayed the promising capacity retention of 70%. In another
report, an MW-synthesized composite based on CuC,0,-xH,0
and graphene demonstrated excellent electrochemical per-
formances as an anode material for LIB application.*'* With
5.42 wt% graphene, the composite demonstrated the superior
discharge/charge capacity of 1043/1013 mA h g~'. Further, an
MWe-assisted solution combustion process was employed for
the synthesis of rGO-wrapped Li(Ni;;;Co;/3Mny,3)0,, which
exhibited a discharge capacity of 209.2 mA h g~*.>*° In a recent
report, a one-step MW heating process was employed for
synthesizing micro/nanoscale LiFePO,/graphene, which exhibi-
ted the maximum discharge capacity of 166.3 mA h g™ at the
current of 0.1 C.**° The composite was considered a suitable
candidate for next-generation cathode material for LIBs. MW
synthesis was further extended to produce an LIB anode
material based on Ge/GeO, and graphene.**! The composite
exhibited excellent cycling stability.

Recently, Tariq et al. proposed an MW-assisted chemical
precipitation technique to synthesize composites of LiMn,0,
(LMO), CNTs, and graphene nanoplatelets (GNPs).*** As a
cathode material for LIBs, LMO/CNT displayed a discharge
capacity of 124 mA h ¢!, whereas the LMO/GNP composite
exhibited the maximum capacity of 127 mA h g™' at the

(a) . Acid Treatment

Supehskn  mecpuc 3:7..
LMO-C Synthesis

Microwave Treatment

—— LMO-GNPs
3.6t —— LMO-CNTs
354+ = LMO-Pristine

Voltage / V (vs.Li*/Li)
D
o

3.7t —— LMO-GNPs
3.6t LMO-CNTs
351 = LMO-Pristine

0o 20 40 60 80 100 120 140
Specific Capacity (mAh/qg)

Fig. 23 (a) Schematic of the experimental details for the synthesis of LiMn,O,/CNT/GNP nanocomposite. (b) Galvanostatic charge/discharge be-
havior of LiMn,0O4/GNPs, LiMn,04-CNTs and pristine LiMn,O, at 0.1 C and 25 °C (b) 1st cycle and (c) 50th cycle.3?? Reprinted (adapted) with per-

mission from ref. 322, copyright (2021), Wiley, All rights reserved.
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current of 0.1 C. A schematic representation of the synthesis
process and the corresponding electrochemical performance
of these composites are shown in Fig. 23.

Besides LIBs, the MW approach has also been further
extended to Na-ion battery (SIB) applications.’***® For
example, Mao et al**® reported an MW-assisted glycerol-
mediated hydrothermal process for the synthesis of
NazV,(PO,4),Fs/carbon nanospheres, which exhibited a
capacity of 106 mA h g™' at the current of 0.5 C after
100 cycles as a cathode material for SIBs. These recent
studies on the MW synthetic approach evidently demonstrate
its huge impact and extensive potential in modern science
and technology.

5. Conclusions, outlook and future
prospective

MWe-assisted synthesis has many unique features, which
makes it a potentially suitable method for large-scale indus-
trial production. MW heating is fast and uniform due to volu-
metric and dielectric heating, resulting in selective heating
processes. In the case of conventional heating, heating is due
to conduction and convection and heat transfers from one
molecule to another. This phenomenon restricts uniform
temperature and is slow. Conversely, MW heating is dielectric
heating due to the ions and dipoles in materials, which readily
interact with radiation. The delay in the flipping of dipoles
and ions while trying to flip their direction with the phase of
electromagnetic radiation is called the relaxation time. This
relaxation results in the loss of energy, which is liberated in
the form of heat. The nature of these interactions is different
for different materials. In carbon materials, MW heating
involves different mechanisms besides ionic and dielectric
heating and involves free electrons. The exposure of MWI to
organic reactions is less compared to inorganic materials
because of the non-polar nature of organic solvents. MW is
used in organic reactions nowadays because the dielectric
property varies with temperature and water/other liquids can
be used as a solvent at high temperatures. Most of the organic
reactions are carried out by MW heating using water as the
solvent. Also, many reactions show that the reaction rates and
product yield increase in the presence of MWI. Thus, many
metal oxides, metal hydroxides, and organic materials have
been synthesized by employing MW heating. In the case of
carbon materials, generally, heterogeneous nucleation occurs,
given that in these composites, the carbon materials act as the
substrate during the synthesis. Various shapes, sizes, and mor-
phologies of materials can be controlled easily with MWI.
MWI-assisted hydrothermal and solvothermal processes for
the synthesis of nanomaterials are less time consuming, which
in most cases takes very long for completion. The MW-
assisted-synthesized products can be further employed for
many energy storage and conversion applications such as
supercapacitors, batteries, and photovoltaics. Thus, MWI
makes the synthesis of materials much more feasible, cost
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effective, and selective for commercial applications and large-
scale industrial production.

Herein, we delivered a brief, selective, and systematic litera-
ture review on the MW-assisted synthesis and energy-related
application of carbon nanomaterials and metal oxides/hydrox-
ides. Although ample work has already been done in this hot
field, the MW-assisted synthesis process has some drawbacks.
Mainly, in terms of commercial aspects, the MW route is still
not popular. Among the various energy storage devices, super-
capacitors and secondary batteries are considered as the best
solutions for the ever-growing demand of future electronics.
Accordingly, due to its shorter reaction time, the MW synthetic
route has huge potential for the construction of these devices.
Besides energy storage devices, the MW approach has been
extended to other applications including EMI shielding, waste-
water treatment, bio-medical application, fuel cells, and solar
cells. Therefore, future advancement in MW chemistry will be
highly beneficial for mankind. The future prospective of MW
technology is discussed in the next section.

As discussed in the previous section, the MW synthesis
approach has several advantages and can be considered as a
star technology in the future. However, to make this approach
commercially viable, researchers need to focus on few features.
The future research on MW technology can be directed
towards the follow points

1. The basic mechanism of MW heating has not been
clearly understood to date. Thus, more fundamental research
on this topic is highly required.

2. For large-scale production, MW technology has several
drawbacks. The production of MW reactors for large batches
with high yield and excellent repeatability is extremely
advantageous.

3. The heating is very fast and the heat transfer to surround-
ing media (gas or liquid) is relatively slow, and very high temp-
eratures not obtainable under the common thermal equili-
brium conditions can be reached. To enhance the uniformity,
a proper absorber needs to be chosen and the penetration
depth and frequency of the electromagnetic waves controlled.
Homogeneous heating can improve the quality of the product.

4. For battery applications, the initial decay in capacity after
the 1st cycle is associated with the formation of a solid electro-
Iyte interface (SEI). Future research on carbon nanomaterials
should be focused on reducing the formation of the SEI.

5. For supercapacitor applications, the smart combination
of EDLC-type (such as carbon nanomaterials) and pseudo-
capacitive (metal oxide or conducting polymers) materials is
highly desirable. MW technology should be broadly extended
to combine carbon materials with other suitable materials. It
is important to note that recently, the MW approach has been
extended towards the development of these smart combinations.

6. Detailed theoretical investigation on isotropic and aniso-
tropic MW heating can open a new door for future research in
this field.

Lastly, MW technology is growing exponentially daily.
However, still this technology has a way to go for its
commercialization.

This journal is © The Royal Society of Chemistry 2021
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