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The synthesis of nanocatalysts on high surface area solid supports is gaining attention from synthetic
chemists for application in heterogeneous catalysis due to their high catalytic performance and easy
recoverability. However, the synthesis of nanocatalysts on solid supports mostly composed of metals/
metal oxides/hybrids is challenging for researchers considering their durability and discrete nano-
dispersibility. Microwave (MW)-assisted synthetic methods, attractive as fast and green approaches, are
being widely studied for the synthesis of solid-supported nanocatalysts. This review article describes
recent advances devoted towards MW-assisted synthetic strategies for creating nanostructured catalysts
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Accepted 30th November 2021 transformations, including electrocatalysis. The sustainable use of solid-supported nanocatalysts is then

DOI: 10.1039/d1ma00840d discussed in comparison with similar supported nanocatalysts prepared by conventional methods. The
pros and cons of MW-assisted strategies for the synthesis of solid-supported nanocatalysts are then

rsc.li/materials-advances summarized, and their limitations as well as future directions for further investigation are emphasized.
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proved beneficial in catalysis because they offer improved
physicochemical properties such as high surface-to-volume
ratio, surface energy, active sites and better composition-
based selectivity towards particular reaction pathways.?
Additionally, the vast improvement in characterization tools
has also enabled researchers to follow catalytic reactions from
nanoparticles (NPs) down to even single atoms.*

Transition metals (Ti, Cr, Mn, Fe, Ni, Cu, Ru, Pd, Pt, Au and
Ag), which can easily donate and accept electrons from molecules,
have been considered ideal for heterogeneous catalysis in many
organic and bioorthogonal syntheses.””> However, nanocatalysts
derived from transition metals/metal oxides/blends are prone to
aggregation due to stronger inter-particle dipolar forces compared
to their bulk counterparts, thereby reducing their potential for
long-time application and preservation. Some transition metals
(Cu, Ni) are also unstable and readily oxidized in air, preventing
their sustainable use.® The modification of transition metal
nanocatalysts with functionalizing agents such as surfactants”® or
polymers® has helped to improve their stability against
aggregation, but such modification often deteriorates their
catalytic properties via changes in the electronic structure of the
metal nanocatalysts.'® An alternative way proposed to overcome
aggregation and the deterioration of catalytic properties is the
implanting or anchoring of nanocatalysts on inert low-density
solid supports. Solid supports help to maintain the size, shape,
and morphology of the nanocatalysts and also limit the leaching
of metal ions, which is favorable for achieving durable and
enhanced catalytic performance. The solid supports used
prominently include graphene,'"'* zeolites,"* cellulose,"*™°
activated coke/carbon,'”*® sepiolite,"® bentonite,** Si0,,>"** and
AlL,0;.%*?* In general, the preparation of supported nanocatalysts
is usually conducted in two steps. In the first step, the deposition
or impregnation of the metal precursor on a solid support is
achieved via impregnation/precipitation/coprecipitation/electro-
static/co-ordination, depending on the support functional
groups.”>*® The second step involves calcination/reduction/both
by different techniques such as chemical reduction,>**”
chemical reduction,>®?° laser ablation,**** and
decomposition.*” These methods generally require high tempera-
tures, long reaction times and inert atmosphere. All these factors
adversely affect the large-scale synthesis of supported nano-
catalysts, and therefore the search for simple and scalable
synthetic methods has become imperative. Recently, microwave
(MW) irradiation/heating has gained popularity for the synthesis
of metal/metal oxide nanocatalysts due to the fast and uniform
heating of the reaction medium, which results in fast reaction
kinetics,*** uniform growth of the NPs,**” easy operation and
green synthesis.*®

In this review, we discuss the recent articles on supported
nanocatalysts prepared using MW strategies. The nanocatalysts
discussed herein include metals, metal oxides, multi-metals,
mixed metal-metal oxides and metal carbides. However, the few
studies available on metal sulfides, nitrides and phosphides
are not included. Some review articles on the optimization
of catalytic performance by controlling the size, shape and
morphology of different metal nanocomposites, both supported

sono-
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and non-supported, are available.**™** However, these reviews
hardly considered all types of metals and metal oxides, rather
focusing on a group of metals or metal oxides. Jamkhande et al.
reviewed the different methods used for the preparation of metal
NPs and focused on their advantages, disadvantages and
applications.** In a recent review, MW chemistry was discussed
briefly to understand the formation mechanism and growth of
particles, focusing on improving the performance of MW meth-
ods for future research.”” In this review, we discuss the latest
articles on the MW-assisted synthesis of transition metals, metal
oxides, hybrids and perovskite-type nanocatalysts supported on
solid supports. Initially, the chemistry of MW synthesis is shortly
outlined, and then the preparation of various types of nano-
catalysts is discussed. Subsequently, an explicit review is
presented on the applications of supported nanocatalysts in
various organic transformations. Particular emphasis is given
to the recyclability/durability of supported nanocatalysts and the
comparison of their performance with that of similar nano-
catalysts prepared via other methods. Finally, the future challenges
and ways of further improving the catalytic performance of nano-
catalysts prepared via the MW method are described in the Scope
and outlook section.

2. MW chemistry and its applications

Since the 19505, MW energy was found to be useful for heating
foodstuffs, food processing, chemical drying, etc. Upon irradiation
with MW, the dielectric heating creates a heating effect on matter
and the heating efficiency depends on the ability of the substance
to interact with MW radiation.”® In 1986, two research groups first
reported the utilization of MW warming to speed up organic
chemical changes.*”*® In the early days, a household oven was
used to perform experiments in sealed Teflon or glass vessels with
no mechanism for controlling the temperature or pressure. This
fast and uncontrolled heating of organic solvents later encouraged
researchers to use solventfree MW chemistry.” The solvent
free methodology is based on the pre-adsorption of reagents
and catalysts on MW transparent inorganic supports, enabling
controlled reactions in MW-assisted organic synthesis. With
continuous improvement in MW technology and the availability
of online temperature and pressure control, in the mid-90s
Strauss developed a method of organic synthesis in a sealed
vessel using a conventional solvent.”® Consequently, MW heat-
ing/irradiation has now become a recognized tool in all areas of
organic synthesis including both solvent-free and water-mediated
reactions.” " Additionally, the further development of MW reac-
tor technology now facilitates the synthesis of nanomaterials.>>®
Recently, the continuous flow microfluidic approach has been
attempted in MW-assisted synthesis to improve the control of the
temperature gradient, rate of heating and mixing, and also to
enable fast quenching to stop prolonged nucleation events.>
The frequency and wavelength of MW radiation (ie.,
electromagnetic radiation) are in the range of 0.3-300 GHz
and 1 mm-1 m, which are between the infrared and radio
region in the electromagnetic range. Commercial and domestic

© 2022 The Author(s). Published by the Royal Society of Chemistry
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MW ovens operate at a frequency of up to 2.45 GHz to eliminate
interference from the communication frequency bands of cellular
phones. MW radiation travels with the speed of light and provides
energy that is insufficient to break a chemical bond, which in
most cases does not affect the framework of chemical
molecules.®®> MW heating depends on the capacity of materials
to absorb and transform MW radiation into heat. Three categories
of materials including MW reflectors, MW transmitters and MW
absorbers describe the interaction with MW. Metals classified as
MW reflectors are not effectively heated by MW. Materials that are
transparent to MW (e.g, Teflon and polystyrene) are classified as
MW transmitters and ideal for use as MW reactor and vessel
materials. Materials known as MW absorbers can absorb energy
from the MW field (e.g., solvents/reactants) and are heated very
quickly in the process.®" The addition of a small amount of ionic
liquid, a strong MW absorbing agent, to a non-polar solvent
generally enhances the heating rate, and hence increases the
reaction rate and product yield.®*

MW-assisted reactions proceed at lightning speed, reducing
the reaction time from several hours to minutes due to the
reduction in the activation energy barrier.”> For example, the
MWe-irradiated green synthesis of Ag nanoclusters (2 nm) was
possible within just 70 s,°> whereas the sonochemical method
required 1 h to produce AgNPs,”® and chemical reduction of the
precursor AgNOj; required an even longer reaction time (6 h).**
The conventional heating process using hot plates or mantles is
slow and inefficient for transferring energy to the reactants, given
that it depends on convective currents and the conductive nature
of various compounds and the materials to be penetrated. This
often produces a temperature gradient between the reaction
medium and vessel, which is responsible for non-uniform growth,
hindering scaled-up production. In contrast, MW irradiation
causes volumetric heating, ie, uniform temperature rise
throughout the liquid volume via direct coupling of MW energy
to the molecules present in the reaction vessel.®®” This
volumetric heating in the synthesis of nanomaterials causes rapid
and homogeneous heating, which reduces the temperature
gradient and provides instantaneous nucleation, controlled and
uniform growth with good reproducibility in terms of size, shape
and morphology.*> The shorter reaction time reduces the
probability of the formation of byproducts through side reactions
and increases the product yield, homogeneity and crystallinity.*®

Thus far, MW-assisted irradiation/heating has been
attempted for the synthesis of a large variety of unsupported
mono- and bi-metallic NPs as well as different types of simple
to quaternary metal oxdes.®®”’® The morphology and average
size can be controlled by the precursor type, concentration,
solvent type, pH and MW heating conditions such as power,
pressure, temperature and time.

3. Synthesis and characterization
3.1. Simple metal catalysts

3.1.1. Carbon supported. Carbon materials are considered
attractive for applications in the fields of adsorption,
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separation, sensors, energy storage, hydrogen storage, catalysts
and catalyst supports given that they exhibit some interesting
properties such as large specific surface area, large pore volume,
tunable mesoporous structure, high electron conductivity and
high thermal and chemical durability.””*® Different types of
carbon materials such as graphite (Grp), carbon black, activated
carbon (AC), nanotubes, and graphene (G) have been used as
support materials for catalysts in MW-assisted synthesis.

Chuang et al. observed changes in the morphology of a Cu/
AC catalyst due to a variation in MW irradiation power (400, 700
and 900), irradiation time (45, 60 or 110 s), and pH (4, 7, 10 and 12)
of the polyol precursor during its preparation from a homogeneous
solution of Cu precursor salt in ethylene glycol (EG).®" The
obtained solids from the MW reactor were washed and dried,
and then calcined under an H,/He atmosphere at 475 °C for 4 h
before characterization. The maximum surface area and pore
size were observed when the MW power was set at 700 W for
60 s and the pH of the polyol precursor was 7 (Cu/AC-700 W-60
sec-7). Under these conditions, Cu® was the dominant phase.
In contrast, the minimum 16 nm-sized Cu cubes (some
aggregated) were formed when the pH of the polyol precursor
was 12. Ren et al. employed pre-impregnation of AC with an
aqueous Cu(NOj3),-3H,O solution and carbothermic MW
irradiation at three different temperatures of 150 °C, 410 °C
and 540 °C.** The characteristic diffraction signal due to Cu®
was the strongest in Cat-48-540 among the catalysts, and
optimistically a decrease in the average size of the cubic Cu,O
and Cu’ particles from 43 4 12 to 37 4 12 nm was observed
with an increase in irradiation temperature from 410 °C to
540 °C. The higher irradiation temperature was favorable to
produce a higher Cu® content. The same group also prepared
hollow Cu/AC via template-free carbothermic MW reduction
using a homogeneous solution of Cu(NO;),-3H,0.*> The
formation mechanism of hollow CuNPs was explained based
on the Ostwald ripening effect and self-assembly under
MW-induced reduction (Fig. 1). Under the optimum conditions,
hollow CuNPs with large cavities of ~35 nm diameter and
50 nm outer diameter were obtained within 8 min when the
precursor was heated from room temperature to 360 °C.

An Fe/AC catalyst was prepared via the impregnation of
Fe(NO);-9H,0 in AC, drying and MW treatment for 2 h at
400 °C under an He flow.** The theoretical ratio of Fe to AC
was 10 wt%. The Brunauer-Emmett-Teller (BET) surface area of
the catalyst obviously decreased in the Fe loading process;
however, microscopic evidence was not provided.

Veerakumar et al. generated 3D ordered mesoporous carbon
materials (CPMs) for supporting RuNPs by subjecting a cured
mixture of polymer and Ru(acac); to MW thermal reduction
and carbonization.®® The catalysts were labeled as Ru/CPM-1 and
Ru/CPM-2 based on 0.5 and 1.0 wt% Ru loading, respectively.
Hexagonal close-packed (hcp) Ru’NPs on a 3D CPM matrix with
a crystallite size of 3-5 nm were detected and the average size of
the RuNPs from transmission electron microscopy (TEM) was
2.6 £ 0.5 nm. The same group employed porous plastic-derived
carbon (PDC) to prepare a PDC@RUuNP catalyst by applying MW
irradiation to a mixture of Ru(acac); and PDC in tetrahydrofuran
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Fig. 1 Schematic representation of the Ostwald ripening-coupled self-assembly process of the hollow Cu structures.®®

at 300 W for 1 h.®® Very fine Ru® crystallites with an average size
of 5-6 nm were formed under these conditions.

The chemistry of supported Pt catalysts on carbon-based
materials via MW synthesis started at the beginning of the
21st century.®”®® Here, they discussed the preparation of
homogeneously distributed <4 nm sized PtNPs on either
carbon or carbon nanotubes (CNT). In most cases Pt had a
face centered cubic structure (fcc) and contained Pt as the
major component. Later, Bo et al. used coal-derived granular
AC (GAC) for the preparation of a Pt/GAC catalyst via MW
irradiation.® GAC was impregnated with an H,PtCLe-6H,O
aqueous solution, evaporated to near-dryness in an MW oven
at 500 W, and then calcined by MW at 500 W for 5 min. The Pt
particles on the porous GAC support had an asymmetric
dispersion and irregular shape with a size of 100-800 nm.
Comparatively, Gan et al. obtained homogeneously distributed
PtNPs (3-5 nm) on CNT via a one-pot MW polyol method using
a mixture of H,PtCls, EG and sodium dodecyl sulfate (SDS).*
The anchored Pt had an fcc crystalline structure and average
crystallite size of 4.6 nm. A similar polyol method also produced
well-dispersed spherical 2.7 nm-sized PtNPs in a Pt/carbon
aerogel (CA) catalyst.”® Pt had an identical fcc structure and
the average crystallite size (2.88 nm) matched the microscopic
image diameter. Sharma et al. observed an improvement in the
Pt loading up to 23.7 wt% in Pt/C electrocatalysts when the
(NH,),PtCls precursor was used in the MWe-assisted polyol
method.? In contrast, the H,PtCls-sourced and commercial
20% Pt/C catalysts contained 19.5 and 18.8 wt% Pt, respectively.
Independent of the nature of the precursor, the average size of
the PtNPs was around 2 nm. Thus, the precursor type is
important during the MW synthesis of supported catalysts.

Pentsak et al. studied the deactivation process of Pd/C
catalytic systems during catalysis under MW and conventional
heat treatment (CHT).”® The catalyst preparation method was
not detailed, but most likely wet impregnation and thermal
decomposition were employed. Substantial transformation of
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the carbon support via the formation of pits, trenches, nanofibers
and nanowalls during catalysis under both MW and CHT was
observed. The narrow size distribution of PANPs (6 nm) increased
to 62 nm after 30 min of MW catalysis. The movement of hot
metal particles on the carbon surface turned the carbon surface
into a porous spongy framework. The initial Pd® also turned
into PdO (88%) after 30 min of MW treatment in air. These
transformations of the metal support were more dominant upon
MW treatment due to the easy formation of metal hot spots.
The same research group further showed that the modification of
the carbon support could be minimized if MW irradiation is
carried out under vacuum and that the selection of an appropriate
metal salt is also crucial.”*

Antonetti et al. used a low-boiling point alcohol or a mixture of
alcohol (isopropanol/ethanol)/water as the solvent and a reducing
agent to prepare RUNPs/CNT under MW irradiation.”> The MW-
assisted synthesis of unsupported RuNPs in isopropanol was first
optimized using poly(N-vinyl-2-pyrrolidone), PVP, as a stabilizing
agent, and finally the idea of MW synthesis was extended to the
in situ preparation of RuNPs/CNT. Two types of CNTs were used,
one was purified CNT (via treatment with HCI) and the other was
HNOs-treated purified CNT (FCNT). Independent of the CNT type,
the average diameter of the RuNPs was between 2.7 to 3.6 nm.
However, the carboxylic and oxygenated groups on FCNT
produced a more homogeneous distribution of RuNPs and
sufficient to stabilize the NPs without the need for PVP. The same
in situ approach using FCNT was also evaluated in aqueous
ethanol (EtOH/H,O 20/80) at 150 °C under excess pressure. Again,
small-sized particles with a homogeneous distribution were
confirmed. In contrast, the solvent-free one-pot MW thermolytic
route was found to be unsuitable for the production of well-
dispersed Ru on FCNT.’*”” Hemraj-Benny et al used non-
functional single-walled CNT (SWCNT) to prepare an SWCNT-Ru
catalyst via the reduction of RuCl; in and ethanolic solution of
NaBH,.”® The average size of the RuNPs was dependent on the
MW temperature, where 100 °C yielded smaller (2.0 + 0.5 nm)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Ru’NPs. In contrast, a higher temperature caused partial
agglomeration. In another investigation, the ethanol reduction
of RuCl; at 150 °C was examined to determine the effect of
the weight percentage (0.05-1.00 wt%) of RuCl; on the size
distribution of the RUNPs in an SWCNT-Ru catalyst.”® An increase
in RuCl; content from 0.05 to 1.00 wt% resulted in an increase in
particle size from 2.0 &+ 0.5 nm to around 45 nm Ru clusters.

Graphene (G), an allotrope of carbon with a hexagonal
atomic layer structure, is another important support material
with unique properties such as high surface area and good
thermal, chemical and mechanical stability.'**** Fei et al.
prepared a series of embedded monodispersed atomic transition
metals in nitrogen-doped G (NG) vie MW heating.'®® The
prepared nanocomposites were named M-NG-MW, where M
represents Co/Ni/Cu. Initially, an aqueous solution of GO was
reacted with ammonia solution at 70 °C to produce amine-
functionalized GO (AGO). Typically, a certain amount of CoCl,
solution was well mixed with the AGO solution and the freeze-
dried product was MW irradiated in an argon atmosphere. The
amino N in Co-AGO was the dominant species, but in Co-NG-
MW the amino N signal vanished due to its interaction with the
uniformly distributed metal atoms.

In 2011, Siamaki et al. prepared Pd/G via batch-wise MW
irradiation for 60 s.'°® For this preparation, a mixture of dried
graphite oxide (GrpO), requisite amount of Pd(NO;), and HNO;
was microwaved with N,H, reducing agent following sonication.
The complete reduction of GrpO to G by the reducing agent
visibly improved the thermal stability of Pd/G compared to Pd/
GrpO. Subsequently, the success of the continuous scalable flow
approach was tested with respect to the reproducibility and yield
of the Pd/G catalyst."”” A homogeneous suspension of GrpO in
water containing Pd(NOj;), and N,H, solution was fed from two
separate vessels at an equal rate into the MW reactor operating at
80 °C with an overall flow rate of 4 mL min~". The produced Pd/
G had an average particle diameter of 9.37 nm and contained
80% Pd° with the rest being Pd(n). Alternatively, Yang et al
employed a batch MWe-assisted reduction approach under
1.2 MPa H, pressure to prepare Pd/G, Pd/AC, Pd/Grp and Pd/
SiO, catalysts using a mixture of support and [Pd(OAc),], in
0.1 M SDS.'® They found that the nature of the support
influenced the Pd content in the catalyst.

Recently, Elazab et al. used a one-step MW irradiation
approach to prepare magnetic Pd-Fe;0,/G from reduced GO
sheets (rGO)."*° In a typical procedure, Pd(NO;), was added to
an aqueous solution of FeCl; and reduced under MW condition
using N,H,. Well-dispersed Fe;O, particles were observed.
A similar method was also tested to prepare Pd/G, Fe;0,/G
nanocomposites using Pd(NO;), and FeCl; precursors.

Sulfonated G and GrpO (100 g) were evaluated to prepare
Pt/G and Pt/GrpO by heating a mixture of crushed K,PtCls
(variable: 14.5, 355, and 15 mg) and ionic liquid, 2-hydroxy-
ethanaminium formate, (5.0 g) in a MW oven."'® PtNPs with
a size of 5 to 30 nm were formed on sulfonated G or GrpO.
The shape of the PtNPs on G was spherical, whereas that on
GrpO was cubic. A higher amount of functional oxygen groups
on GrpO increased the anchoring efficiency of Pt and also

© 2022 The Author(s). Published by the Royal Society of Chemistry
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influenced the shape and size of the produced NPs. The one-
pot MW-assisted polyol synthesis of Pt/G nanocomposite and
subsequent heating at 500 °C produced flaky crystalline G
sheets.’'! The Pt/G3 (0.50%) nanocomposite was comprised a
comparatively uniform distribution of 7-11 nm-sized PtNPs.

3.1.2. Oxide-supported catalysts. In MW synthesis, different
types of oxide minerals such as clay minerals (e.g., SiO,, vermiculite,
and bentonite) and metal oxides (e.g. Al,O3, MgO, TiO,, and CeO,)
have been used as solid supports for various metal NPs. As support
materials, many of them possess interesting and desirable
properties including high thermal and chemical stability, high
volume to surface area, easy functionalization capacity, low cost
and easy availability.

3.1.2.1. Silica. Zuliani et al. used AISBA-15, a mesoporous
Al-coordinated SiO, material, as a support for the preparation
of MW-2%Ag@AISBA-15 and MW-2%Au@AISBA-15 via the
simple MW in situ reduction of an ethanolic mixture of AgNO;
(0.04 mmol)/AuBr; (0.02 mmol) at 150 °C for 3 min.'"?
The abundant hydroxyl groups on the support surface stabilized
the metal NPs.''*''* Alternatively, the mechanochemical
ball milling (BM) technique was used to prepare the
BM-2%Ag@AISBA-15 and BM-2%Au@AISBA-15 nanocatalysts
developed by other researchers.''> However, a detailed
characterization in terms of size distribution, valence state and
crystallinity was not presented. Manno et al. had two different
MW synthetic approaches, i.e., batch synthesis (three different
times: 70, 35 and 17 s) and continuous flow microfluidic synthesis
(Fig. 2), to anchor Ag nanoclusters (AgNCs) on mesoporous
amine-functionalized SBA-15 using an acrylic acid Na salt as a
reducing and stabilizing agent."’®'"” In the batch synthesis, an
increase in irradiation time resulted in an increased in the mean
particle size and the most uniform AgNCs (1.6 = 0.7 nm) were
obtained at 17 s. Slow cooling after MW heating in the batch
system caused aggregation and size evolution of the clusters. In
contrast, in a continuous flow reactor, rapid quenching to 4 °C
within 21 s favored a reduction in the average diameter to 1.2 +
0.3 nm. The continuous microfluidic approach produced better
reproducibility and comparable inter-batch size distribution.

Jiang et al. used 40% H,SO,-treated bentonite (AB) to pre-
pare an Ni/AB catalyst via a MW-assisted drying process (250 W,
10 min) and subsequent calcination (550 °C, 3 h).'*® The
impregnation slurry was made from an ethanol-water solution
of Ni(NO3),-6H,0, cetyltrimethylammonium bromide (CTAB)
and AB suspension and the obtained catalyst was named
Ni/AB-MW. Another batch of catalysts, named Ni/AB-CH, was
prepared via conventional drying and calcination. MW-assisted
drying improved the loading amount of Ni (16.1%) in Ni/AB-
MW and also favored the formation of smaller Ni and NiO
crystallites due to the better interaction of Ni with the AB
support.

Akay et al. used the combination of MW radiation, heat
treatment and plasma reduction under a stream of H, for 24 h
at 400 °C and 550 °C to prepare porous Co/SiO, catalysts.''® The
reduction under an H, stream at 550 °C produced scattering
signals due to the Co crystal lattice and CoO but reduction at
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Fig. 2 (A) Schematic representation of the flow diagram for the continuous

synthesis of AgNCs. Three different zones: mixing stage (grey color), MW
heating zone (red color) and quenching stage (blue color). (B) Volume and
calculated residence time for each stage (total flow rate 0.292 mL min~1) .11
(Copyright 2020, the American Chemical Society.)

400 °C did not result in any detectable metallic Co. The
crystallite size of metallic Co at 550 °C was 15.6 nm, larger
than that of CoO (5.01 nm). Simultaneously, another group
attempted to prepare Co/SiO, via a similar four-step process,
including the impregnation of porous SiO, in Co(NOs),-6H,0,
MW drying, furnace drying at 550 °C, and finally reduction
under an H, flow at 550 °C for 24 h."*° The scanning electron
microscopy (SEM) and TEM images revealed that the MW
catalyst had a better distribution and uniformity (crystallite
size, 3-8 nm) and loading of CoNPs compared to that prepared
via the conventional drying method. Similar to the previous
literature,"® this investigation also suggested that the final
reduction under an H, flow is necessary to produce the Co
metallic phase.

The MW in situ reduction of a dried SiO,-impregnated
H,PtCls-6H,0 precursor in EG containing N,H, produced fine
well-dispersed <2 nm-sized PtNPs on an SiO, support at the
loading of 0.3 wt%."*" An increase in the Pt loading to 0.9 wt%
slightly increased the particle size to <10 nm. Comparatively,
the rotary chemical evaporation (RCE) method produced larger
(=20 nm)-sized PtNPs. The comparative study revealed that
the MW-assisted reduction method is superior with respect to
the organized distribution of smaller PtNPs on the surface
of SiO,.

Wang et al. prepared a series of Ti-MCM-41 with different Si/
Ti ratios (100 to 5) under MW irradiation using CTAB template,
TEOS and tributyl titanate (TBOT)."** The obtained materials
were calcined at 550 °C for 6 h in air to decompose the
template. The Ti contents in the catalyst samples closely
resembled the theoretical values. The arrangement of channels
was slightly disturbed with an increase in the Ti content. Earlier,
another research group prepared ZrMCM-41 mesoporous molecular
sieves using Zr(SO,), and CTAB under MW irradiation."** The BET
specific surface area and pore volume decreased with an increase in
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the incorporated Zr. The mesoporous ordering deteriorated with an
increase in the thermal treatment temperature.

3.1.2.2. Fe;0, and analogous oxides. Fe;O, NPs possess
interesting application properties as a catalyst support because
the presence of Fe®" ions provides some reducible oxide
characters."* Additionally Co;04 and Ni(OH), also show good
activity in the oxidation of CO.'*>'?° Elazab et al. proposed
a method for the preparation of PANPs supported on FezOy,
Co30,4 and Ni(OH), NPs and nanoplates via MW irradiation."®”
In a typical process for the preparation of Pd/Fe;O, containing
5, 20, 40 and 50 wt% Pd, mixtures of Fe(NOj;);-9H,O and
Pd(NO;), solutions (10 wt% in 10 wt% HNO,) were sonicated
for 1 h, and then irradiated in the presence of N,H, in 60 s
cycles for a total 7 min. Similarly, with slight modification,
Pd/Co30, and Pd/Ni(OH), catalysts containing variable wt% of
Pd were prepared. The majority of the PANPs were deposited on
the surface of nanoplates. In another study, Elazab et al
reported the synthesis of a Pd/Fe;O, catalyst via continuous
flow synthesis under MW irradiation."®® In this approach, two
separate solutions, one containing the required amount of
Fe(NO;);-6H,0 and another containing N,H,, were injected
and mixed before being introduced in the reactor. Different
operating temperatures (80 °C, 120 °C and 150 °C) and flow
rates were studied. The XPS binding energy showed that a
fraction of Pd was in PdO. An increase in MW temperature
resulted in an increase in size and the saturation magnetization
was reduced when the particle size was smaller. Continuous
flow reaction was found to be advantageous for producing
smaller (7-9 nm) PANPs than that (12-14 nm) prepared under
batch conditions.

Morad et al. prepared AuNPs on an Mn;O, support by
reducing an HAuCl, hydrate solution using N,H, under MW
irradiation."* Mn(OH), gel was prepared via direct precipitation
from Mn(NO3),-4H,0 at pH 12. The obtained gel was divided into
two parts. One part was subjected to hydrothermal treatment (HT)
at 150 °C, filtered, washed, and then dried to obtain Mn;O, HT.
The other part of the gel, represented as Mn;O,, was directly
filtered and dried at 100 °C. The TEM images indicated the
formation of cubic-, spheroid- and plate-shaped nanocatalysts
(~33 nm) without any Au aggregates. Almost simultaneously,
another research group reported identical cubic-, spheroid- and
plate-shaped PdNPs/Mn;O, nanostructures (38 nm) using an
identical preparation method."*® The presence of PANPs could
not be confirmed from the TEM images, but the XPS results
indicated the presence of Pd® and Pd*" species on the Mn;O,
support.

3.1.2.3. Other metal oxides. In an early attempt, Glaspell
et al. observed that the use of a capping agent, poly(ethylene
glycol), PEG, or PVP in the preparation of Au and Pd NPs on
Ce0,/Cu0/ZnO support materials accelerated the nucleation
process of metal NPs and produced a narrow
distribution.”" The respective support was derived from pre-
cursor salts (Ce(NOs),;, Cu(NO3), and Zn(NOs),, respectively)
and dopant Au or PANPs were prepared via the addition of an

size
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appropriate amount of metal salt (HAuCl, or Pd(NO3),) to
obtain the desired dopant concentration (2%, 5% and 10%).
Comparatively, the 10% Pd/CeO, catalyst had the narrowest
size distribution with average size 3-4 nm. Chuang et al. used
CeO,-TD, which was obtained via the thermal decomposition of
Ce salt, to prepare Cu/CeO,-TD (Cu 5 wt%) by MW heating of an
EG solution of Cu(NO;)-3H,0 and PVP."** Finally, the dried
product was calcined at 475 °C for 4 h. For comparison,
commercial ceria (CeO,-C) and AC were also used as support
materials. The size of the Cu particles was dependent on the
nature and size of the support materials, where the minimum
size (33 nm) was found for the Cu/CeO,-TD catalyst. Elazab
et al. used different amounts (347, 329, 292, and 256 mg) of
Cu,H,(N,O,, precursor salt to prepare a Pd/CuO catalyst with
variable Pd loadings (5, 10, 20, and 30 wt%)."**'** A simple
one-step MW process was applied in the presence of N,H,. The
TEM images revealed the formation of a 20-40 nm-sized
catalyst and X-ray photoelectron spectroscopy (XPS) confirmed
the valence states as Cu>* and Pd°. The estimated Pd content in
the catalyst was much lower than the theoretical content
calculated from its formula.

The different forms of Al,O;3 (o, B, and y) are perhaps the
most important as catalyst supports due to their favorable
combination of textural properties such as specific surface
area, pore volume, pore size distribution, local microstructure,
phase composition and acid/base characteristics.'** Song et al.
prepared an Ni/Al,O; catalyst using PVP as a stabilizer and MW
absorbent."*® The catalysts were denoted as Ni20-Al,0;-M and
Ni20-Al,05-1, where 20 represents the loading amount of Ni,
and M and I stand for the MW and impregnation techniques,
respectively. The MW method produced smaller (~10 nm)
NiNPs in Ni20-Al,0;-M compared to that (15 nm) in Ni20-
Al,O;3-1. The BET surface area and pore volume of Ni20-Al,O;-
M were also higher. This indirectly confirmed that the
impregnation method (IM) produced slight agglomeration and
blocking of the pore structure. In another investigation, Pd/Al,O;
catalysts were prepared via fixed-bed MW-induced plasma
irradiation under three different conditions.”®” Fig. 3 illustrates
the fixed-bed reactor with MW-induced plasma jet. The particles
prepared under different conditions were named PF (fixed bed
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(A) Schematic representation of the fixed bed reactor with plasma irradiation. (B) A typical SEM image of the Pd/Al,O3 catalyst (PF-1)
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reactor). The distance between the waveguide and particle bed
influenced the distribution and size of Pd (Fig. 3). Spherical-
shaped tiny Pd particles and the highest dispersion (25.3%) were
observed in sample PF-1 when a shorter distance was applied
(3 cm). It is obvious that a short distance produced a higher
temperature. The plasma treatment reduced PdO to Pd in a short
time, which had an fcc structure. The crystalline phase of y-Al,O;
was detected in all the catalysts. The same authors reported the
use of an MW-induced plasma-spouted bed reactor for the
preparation of Pd/AL,O; under various operating conditions."*®
The same catalyst was also prepared via CHT in an electric arc
furnace. The MW-combined plasma treatment produced smaller
PdNPs than that prepared by conventional heating at 500 °C. The
rapid heat change induced by an increase in MW power reportedly
produced surface cracks in Pd/Al,Os, whereas CHT at 500 °C did
not produce surface cracks in the Pd/Al,O; samples.

Wang et al. observed that MW hydrothermal (MWH)
treatment is superior to conventional IM in terms of the better
dispersion of WO; on an Al,O; support and oxalic acid
stabilizer had little effect on the dispersion."* The catalyst
prepared by IM also had a higher agglomeration of WOj;. After
MWH treatment, the dried WOj3/Al,0; was calcined at 550 °C
for 4 h to produce W/Al,O3.

TiO, as a catalyst support is known to possess high thermal
and chemical stability and offer outstanding resistance to
corrosion in electrolytic media.'*® Howe et al. prepared a
1 wt% Ru/TiO, catalyst in an MW reactor from stock solutions
of Ru(acac); or RuCl;-xH,O in EG and TiO, at 150 °C, 170 °C and
200 °C for 5, 10 and 15 min."*" The obtained catalysts were air
dried at 110 °C for 16 h. The catalysts were represented by the
reductant-preparation temperature (°C)-preparation time, e.g
Acac-200-10. Independent of the precursor salt, MW treatment
for a longer time at 200 °C caused sintering of the RuNPs, given
that their mean diameter increased slightly. However, despite
the sintering effect, the average size of the RuNPs was still less
than 3 nm. In either case, the catalysts exhibited a high surface
carbon concentration.

To understand the detailed formation mechanism of various
hybrids, Pt and AuNPs supported on CeO,, TiO,, ZnO, MgO,
Al,O3, and SiO, were prepared via the one-pot MW-assisted
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142 The size of the metal NPs was

reduction of metal salts in EG.
influenced by the efficiency of MW absorption by the support
materials. Smaller and fine 2-3 nm-sized PtNPs were formed on
Ce0,, TiO, and ZnO but not on the SiO, particles. Comparatively,
the low dielectric loss substrate SiO, did not heat up rapidly.
Likewise, on MgO and TiO,, the uniform decoration of AuNPs was
observed, whereas on Al,O; and Si substrates, very few particles
were present. This is because the Al,O; and Si substrates did not
absorb MW radiation.

3.1.3. Metal carbide-supported catalysts. Transition metal
carbides possess excellent catalytic properties, and thus have
great potential as high surface area support materials for metal
catalysts.'**'** However, only a few works are available in this
area. For example, Shi et al. reportedly used two types of
mesoporous WC/C for loading 10 wt% Pt."*> One was WC/C-F
using the triblock copolymer Pluronic F127 as a soft template
and the other was WC/C-S using mesoporous SBA-15 as a hard
template. In both cases, the support material was dispersed in
H,PtCls aqueous solution, mixed with EG, and then micro-
waved at 180 °C for 10 min. In both the Pt-WC/C-F and Pt-WC/
C-S catalysts, Pt had an fcc crystalline structure, but the latter
was more crystalline. The average pore size of WC/C-S was
4.7 nm, while that of WC/C-F was comparatively larger
(8.0 nm). In both systems, the PtNPs were evenly distributed
with little aggregation on the WC/C-S support. In a similar type
of investigation, the stability of WC during the preparation of
Pt@WC/organic mesoporous carbon abbreviated as Pt@WC/
OMC-MP electrocatalyst via a pulse MW-assisted polyol method
was investigated.'*® The loading of Pt in the Pt@WC/OMC-MP
electrocatalyst was 20 wt%. MW irradiation in absence of the Pt
precursor had little effect on the stability of WC/OMC; however,
in the presence of the Pt precursor, the stability of WC was
significantly affected. XPS confirmed the partial oxidation of
WC to WO; during the preparation of the Pt@WC/OMC-MP
catalyst. Asahara et al. studied the utility of Pd/SiC."*” Here,
[Pd(OAc),],, dissolved in acetonitrile and small pieces of SiC
taken in a screw-caped test tube were MW-heated at 100 °C for
3 h. The catalyst was represented as MW3. Catalyst MW1 was
also prepared via the same method. For comparison, two
catalysts, OB3 and OB10, were prepared via CHT for 3 and
10 h, respectively. However, information on the size distribution,
surface porosity, and valence state of Pd was not available, only
the catalyst activity was detailed.

3.2. Metal carbide catalysts

In terms of application performance, metal carbides such as W
and Mo carbides are considered alternatives to noble metal
catalysts, particularly Pt.'*® In 1973, Levy et al. showed that WC
and Pt had similarities in electronic structure and catalysis
behavior in water formation from H, and O, at room
temperature.'*® Following that groundbreaking work, these
carbides were proven to be useful in a wide variety of catalytic
reactions such as hydrogenation, hydrodeoxygenation, hydro-
desulphurization, hydrodenitrogenation and isomerization."”% ">
In this perspective, a few works carried out on the preparation and
applications of supported metal carbides are discussed below.
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3.2.1. Carbon-supported catalysts. Despite the fact that the
catalytic properties of Mo,C resemble that of noble metals, the
quick deactivation of bulk Mo,C is a problem.">* Accordingly,
an MW-assisted single-source route was investigated for the
preparation of highly dispersed Mo,C/AC using p-Mo,C as the
precursor.> XPS showed the existence of Mo(vi) species in
Mo,C/AC, possibly resulting from surface oxidation in air.
The TEM images confirmed the formation of highly dispersed
3 nm-sized Mo,C NPs. Mnatsakanyan et al. used two different
MW-assisted routes to prepare Mo,C/C and WC/C catalysts."*®
The complete formation of Mo,C occurred after 3 min irradiation,
whereas for the WC system, an irradiation time of 8 min was
required. The initial size of the carbon from the SEM image was
~50 nm, and after irradiation the sizes of the Mo,C/C and WC/C
catalysts increased to 50-70 nm and 300-500 nm, respectively.

In 2009, Liang et al. described the preparation of WC/CNT
via MW-assisted metal-organic chemical vapor decomposition
(MOCVD) under atmospheric pressure in a fluidized reactor."’
A precursor mixture made from W(CO), and CNT was placed in
a quartz-tube reactor and fluidized with an argon flow for 2 h
before irradiation in an MW oven. CNTs without pre-oxidized
and pre-oxidized were evaluated as a support. A uniform
distribution of 2-5 nm-sized WC was found on the surface of
the CNTs. Overall, the results indicated that preoxidation of
CNTs is not essential in the MW-assisted MOCVD method.
In the following year, Pang et al. described the preparation of
Mo,C/CNTs utilizing the above-mentioned method."®
However, the CNTs were not pre-oxidized before use. In 16.7 wt%
Mo,C/CNT, well-dispersed 5 nm-sized Mo,C was detected. The
average crystallite size of Mo,C increased with an increase in
the Mo loading. Pt-Mo,C/CNT was also prepared and 3-6 nm
monodispersed PtNPs were formed.

3.3. Metal oxide catalysts

3.3.1. Carbon-supported catalysts. The use of carbon materials
as support materials for metal oxide catalysts has scarcely been
studied to date. Metal oxide catalysts gained prominence in the
mid-1950s, given that they were found effective in catalyzing
oxidation and acid-base reactions. Metal oxides have now found
applications in the petrochemical industry, in synthesizing
chemicals and improving environmental issues."*

Zhong et al. demonstrated the suitability of MW-assisted 3D
heating in air for the rapid in situ synthesis of metal oxides
(CoOy, NiO and Fe;0,) using carbonized wood (C-wood) as a
3 D heating substrate.” In a typical experiment, the Co(NOs),
precursor was dissolved in a 1:1 ethanol-water mixture, and
then a piece of C-wood was immersed in this mixture for
10 min and dried for 20 min to obtain the C-wood/Co(NO3),
precursor. The C-wood/Co(NOs), precursor was then micro-
waved at 1000 W for 4 s to produce C-wood/CoO,. Around 11
nm-sized uniformly distributed CoOx NPs were formed on the
C-wood substrate. The potential scalability of the 3D heating
method was also verified with a larger-sized C-wood substrate.

Motshekga prepared MWCNT/SnO, NPs via the conven-
tional and MW-assisted wet impregnation for application in
optoelectronic devices.'® the SEM and TEM images confirmed

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the high loading of SnO, NPs (2-4 nm) on MWCNT via MW
method within 10 min. There is also a report on the preparation
of TiO,/G from GrpO, titanium isopropoxide, TTIP (variable) in
isopropyl alcohol and N,H, via MW irradiation in a closed
Pyrex glass bottle.'®" The obtained dried precipitate was finally
calcined at 400 °C for 4 h.

3.3.2. Silica-supported catalysts. Mohamed et al. studied
the effect of MW irradiation time (min) during preparation of
Ce0,-SiO, NPs from an acidic solution of CTAB, TEOS and
Ce(NO3);-6H,0 in ethanol.'®® Finally, the washed and dried
product was heat treated at 500 °C for 4 h. Irrespective of the
irradiation time, all the MW-irradiated samples contained a
pure CeO, phase. An increase in the irradiation time resulted in
an increase in the crystallinity and average crystallite size, but a
decrease in the BET surface area. The TEM image analysis for
sample M-30 (irradiation time 30 min) indicated the formation
of cubic-shaped particles with an average size of 8 nm, whereas
conventional HT for 24 h (H-24 h) produced comparatively
larger spherical (15 nm) particles.

Li et al. prepared an NiO/vermiculite or NiO/Vmt catalyst
with 10 wt% loading from a dried precursor comprising Vmt in
Ni(NO,),-6H,0 aqueous solution.'®® The precursor was divided
into two parts, where one part was subjected to CHT and the
other part was subjected to MW treatment to obtain CHT-NiO/
Vmt and MW-NiO/Vmt, respectively. The NiO NPs were well
dispersed, but MW irradiation produced smaller particles
(3 nm) compared to that from CHT (6 nm). The estimated
crystallite size in the MW-NiO/Vmt catalyst was 2.4 nm, lower
than that in the CHT-NiO/Vmt catalyst (2.7 nm). In a similar
investigation, 2-D layered Vmt was used to prepare MW-
assisted MW-NiO/2D-Vmt and compared with muffle furnace
(MF) calcination.'® The overall size distribution and crystal-
linity again confirmed that the MW method is superior for
producing smaller-grained highly crystalline NiO.

3.3.2. Metal-supported catalysts. A Co;0,@stainless steel-
mesh (SUS) micro-rod array electrocatalyst was prepared with
the aid of diethylenetriamine (DETA) as an anchoring agent for
Co®" (Fig. 4)."®®> For comparison, CozO, layered nanosheets
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(C0o304-LNS) were prepared via the same method without the
SUS substrate. MW heating allowed recrystallization of the
rod-shaped Co(OH), in the Co;0,@SUS electrocatalyst, while
in the absence of the SUS substrate, a flower-like Co(OH),
nanomaterial was formed. In either case, the annealing at
400 °C resulted in the complete conversion of Co(OH), to
Co030,. The average crystallite size of CozO, in Co3;0,@SUS
and Co304-LNS was 33.41 and 29.33 nm, respectively. Fig. 4
confirms the different appearances of Coz0, in the presence
and absence of the SUS substrate.

May-Masnou discussed the preparation of anatase TiO, NPs
attached to larger anisotropic Au vie an MW-assisted
method."®® Firstly, TiO, NPs were synthesized from a homo-
geneous solution of titanium butoxide (TBOT) and PVP in
benzyl alcohol (BA) in an MW reactor at 50 °C, and then again
heated at 190 °C for 10 min. In the second step, two different
sized AuNPs (Fig. 5) were prepared in the presence of TiO, NPs
dispersed in EG using (a) 100 and (b) 600 mg of PVP. Part of the
sample was dried overnight and the other part was calcined in
air at 400 °C, 450 °C, 550 °C, and 600 °C for 2 h to remove PVP
and increase the contact between Au and TiO,. The PVP-capped
TiO, NPs possessed a pure crystalline anatase phase with an
average size of 9 + 2 nm. The TEM photographs (Fig. 5)
indicated that 100 mg of PVP produced >50 nm-sized Au
NPs, whereas 600 mg of PVP produced smaller (8 + 2 nm)
AuNPs. The larger AuNPs were randomly decorated with smaller
TiO, NPs but the smaller AuNPs were only surrounded by TiO,.
Calcination had a larger effect on the shape of Au than that of
the TiO, NPs.

3.4. Binary metal catalysts

Binary and ternary metal catalysts, which are considered more
active compared to simple metal catalysts, are particularly
useful as electrocatalysts in proton exchange membrane fuel
cells (PEMFCs) and direct alcohol fuel cells."®”"'®® In early
investigations, electrocatalysts based on precious metals such
as Pt or Au were mostly investigated. However, the low
durability and high cost Pt and Au metal catalysts hinder their

W

MW, 10 min

Co(NO;),6H,0 + DETA +

Air annealing
400 °C

Co;0,@SUS

H,0 +1 M KOH + SUS ColOH)2@SUS
N N \ \ \
A DETA ¢—o— Lo P KOH
=] —_— ———
@n MW h Air annealing
Co™* T : 400 °C
—_——

Fig. 4 (A) Proposed mechanism for the controlled synthesis of Coz04@SUS. TEM images of (B) Cos04@SUS and (C) Cos0,4-LNS.*® (Copyright 2017, the

American Chemical Society.)
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Fig. 5 (A) Schematic diagram of the two-step MW-assisted synthesis of Au/TiO, nanostructures. (a) TiO,:PVP:HAuCl, = 1:0.097:0.155 and

(b) TiO,: PVP: HAUCl, = 1:0.583:0.155 (molar ratios). TEM images of the as-synthesized (B) sample ‘a' and (C) sample ‘b’ 16°

commercial application. Additionally, supported Pt-based catalysts
exhibit sluggish oxygen reduction reaction (ORR) activity at the
cathode. Accordingly, doping with transition metals containing Pt
or Au reportedly improved their durability.****”° The search for
alternative low-cost materials with high electrocatalytic activity and
good durability has led to the development of ternary metal
catalysts either by replacing or reducing the Pt or Au content.
3.4.1. Carbon-supported catalysts. Stevanovi¢ et al. used a
carbon support for the synthesis of Pt, PtRh and PtSn catalysts
with 20 wt% metal loading."”" Initially, the bimetallic NPs first
prepared via polyol MW-treatment of H,PtCls and SnCl,/RhCl;
in EG. The supported catalysts were prepared by blending
bimetallic NPs with a carbon support, acid treatment, and
finally drying in an N, atmosphere. The alloy structure of the
PtSn/C and PtRh/C catalysts was confirmed, and the TEM
images showed the uniform distribution of ~3 nm-sized NPs
on the carbon support for all the catalysts. The valence state of the
metals was not identified. In 2017, Tsuji et al. tried to prepare PtY/
C alloy NPs via MW co-reduction of a precursor mixture of
cis-[Pt(NH;),(NO,),] or Pt(CsH,0,), and Y(CH;COO);-4H,0 in
the presence of a carbon support in EG."”* Irrespective of the Pt
precursor, the composition revealed the formation of mono-
dispersed Pt-YO,/C catalysts. The obtained catalysts were denoted
as Pt-YO,/C(A):5 : 5 and Pt-YO,/C(B):5: 5, where A and B represent
the cis-[Pt(NH;),(NO,),] and Pt(CsH,0,), precursor, respectively.
To overcome the solubilization of the YO, component in acid fuel
solution, the samples were treated with HNO; to produce PtY/C
alloy catalysts. After acid treatment, both samples contained a
small amount of Y component and the catalyst size with a narrow
distribution was retained. The addition of Y(CH;COO);-4H,0 was
found to be beneficial for producing monodispersed Pt/C(A, B)
particles. To enhance the binding between the PtNPs and carbon
supports, a Pt;Cu/C catalyst was prepared with a theoretical Pt
loading of 20 wt%."”> A mixture of metallic precursors (H,PtClg-
6H,0 and CuCl,-2H,0) and carbon support in an EG-water
mixture was microwaved at pH 10 for approximately 6 min at
125 °C. The Pt;Cu NPs (2.31 nm) were uniformly distributed on
the support. Pt and Cu had an fcc crystalline alloy structure. The
metallic state of Pt and Cu was also confirmed. By just changing
the amount of Cu precursor in the recipe, Pt,Cu/C (2.14 +
0.88 nm) and Pt,Cu/C (3.49 + 1.097 nm) were also prepared
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and characterized. In the synthesis of an Pd-Au/C catalyst, relative
to CHT, catalyst activation by MW irradiation produced a much
higher degree of Pd-Au alloying and better homogeneity of the
bimetallic phase.'”* The use of acetone as a solvent also improved
the homogeneity of the Pd-Au phase compared to the aqueous
solution. The catalyst samples produced by MW irradiation also
contained an increase Pd content at the surface of the NPs. The
poor ORR activity of 20% CoSe/C encouraged the preparation of
the corresponding CoSe,/C.">™"”7 Accordingly, a homogeneous
precursor solution of Co(CH;COO), and SeO, was placed in an
MW oven at a power of 800 W for 180 s, and the product was
washed and dried before mixing with carbon black. Diffraction
signals of the CoSe, phase were not observed up to an Se/Co ratio
of 4.0 due to their uniform distribution. In another investigation,
FeSe,/C NPs were prepared via an MW method under identical
conditions with the FeSe, loading adjusted to 36%.'”® The average
particle diameter was in the range of 3-12 nm.

Sulfonated MWCNT (SF-MWCNT) was used to prepare
SF-MWCNT-PdSn and SF-MWCNT-PANi via MW-assisted
solvothermal co-reduction (1000 W, 170 °C, 60 s) of the precursor
salts in EG."”° Pd had a well-defined fcc crystalline structure, but
Ni and Sn possessed a partially amorphous structure. The alloy
structure was confirmed and the XPS spectra suggested the
presence of Pd in the metallic and oxide forms with Ni in the
oxo-nickel species (i.e., Ni,O, and NiOOH). However, the uniform
distribution of the bimetallic catalysts was not analyzed. Nassr
et al. used oxygen-functionalized CNT (FCNT) to prepare a PtNi/
FCNT catalyst via the polyol MW reduction of metal salts, H,PtClg
and Ni(NOs;)-6H,0, either continuously for a defined time or in
pulse mode with a duration of 20 5. The transition of the NiO
peaks to PtNi alloy occurred at 90 s. However, in pulse mode, the
formation of the PtNi alloy was observed even at a lower pulse
number of 6. An increase in the irradiation time enhanced the
particle size of PtNi/CNT from 2.7 to 3.3 nm. Comparatively, the
size of PtNi/CNT prepared in the pulse mode was almost
independent of the pulse number given that the average size
was around 2.5 nm. Rahsepar et al prepared a PtRu/MWCNT
catalyst using MW-assisted reduction at pH ~12.5 from a water
solution of metal precursors, pretreated MWCNT and HCHO
reducing agent.'®" After re-acidification and drying, additional
heating at 300 °C under a flow of H, helped to form well-dispersed
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PtRu alloy NPs (1.5-3.5 nm) on the surface of MWCNT. The XPS
signals indicated the presence of a large amount of Pt° (72.15%)
and Ru® (68.07%) with a small amount of Pt(u), Pt(iv), RuO, and
RuO,-xH,0 species. Al-Tememy had MWCNT-doped G nano-
platelets (MWCNT-GNP) to support a PtPd bimetallic catalyst
by microwaving a mixture of metal precursors and the support
dispersed in an EG-isopropanol mixture at pH 12."*> For
comparison, PtPd/GNP and PtPd/MWCNT catalysts were also
investigated. The doping of G nanoplatelets by MWCNT
improved the metal loading (35.1%), dispersity and crystallinity
index of the PtPd NPs. Independent of the support material, all
the catalysts contained graphitic carbon and fcc-structured
metals. The average sizes were in the range of 2.47-2.70 nm.

3.4.2. Oxide-supported catalysts

3.4.2.1. Silica. Verma et al. discussed the preparation of Pd-
Ag/SiO, and Pd-Au/SiO, bimetallic catalysts in two steps.'®?
Firstly, 1 wt% of either Au or Ag was incorporated on SBA-15 via
the MW-assisted polyol method, and then decorated with
PANPs via a localized surface plasmon resonance-assisted
deposition method under visible light irradiation. Spherical
NPs of Pd-Ag and Pd-Au with diameters of 4.2 and 4.9 nm were
formed. The formation of the alloy via the electron transfer
mechanism was proved by XPS. Tripathi et al. demonstrated the
preparation of Cu-Ag/MgO-SiO, via four different techniques
including conventional impregnation, MW-assisted method,
PVA/NaBH,-assisted method and benzoxazine-assisted
method.”® In the MW method, drying was carried out at
80 °C in an MW oven before calcination at 400 °C for 4 h.
MW drying and benzoxazine-assisted reduction efficiently
produced a higher surface area and pore volume. Partial
oxidation of Cu to CuO was observed in Cu-Ag/MgO-SiO,.
However, other characterizations were not presented. In
another investigation, Ti-inserted ordered mesoporous SiO,
(Ti-SBA-15) was used to support a CoMo catalyst.’®® 20Ti-SBA-
15 (Si/Ti molar ratio 20) was prepared via hydrolysis and aging
in an MW reactor from TEOS and TTIP in the presence of
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Pluronic P123 as a structure-directing agent. The crystallized
product was further calcined at 450 °C for 6 h. As expected, the
insertion of Ti reduced the surface area and pore size of SBA-15.
The Ti loading in 20Ti-SBA-15 and CoMo/20Ti-SBA15 was 2.9 and
2.4 wt%, respectively, which was close to the theoretical value.

3.4.2.2. Metal oxides. In an early investigation, Ru-Sn/ZnO
catalysts were synthesized by subjecting a mixture of RuCl;-
3H,0 dissolved in EG containing SnCl,-2H,0 and ZnO (targeted
metal loading 2%) to variable MW power.'®® XPS analysis
showed the formation of Sn° in all the Ru-Sn/ZnO catalysts
prepared at 450 W for 4 and 8 min and Ru® was detected only
when the MW power was set at 150 W for 20 min. The rest of the
samples mainly contained Ru”™'. The morphological data for the
Ru-Sn/ZnO catalysts was not available.

3.4.3. Metal-organic framework-supported catalysts. Tan
et al. used zeolite-imidazole frameworks (ZIFs) to construct
dispersed Co-N-C catalysts, and then prepared an NizFe/Co-
N-C catalyst via a rapid MW method (Fig. 6)."® The fcc
structure of NisFe together with a broad diffraction plane of
carbon was detected. The Ni, Fe and Co contents (ICP analyses)
in NizFe/Co-C-N were 20.04%, 6.53% and 1.26%, respectively.
After decoration with NisFe, the size of the respective catalysts
did not change (Fig. 6). The bimetal particle size was around
11.2 nm.

3.5. Mixed metal oxide catalysts

3.5.1. Carbon-supported catalysts. Elazab et al. prepared
three different catalysts (Pd-Fe;0,/G, Pd-Co;0,/G and Pd-
Ni(OH),/G) by irradiating a mixture of GO nanosheets, precur-
sor salts and N,H, for 60 s.'%% In the Pd-Fe;0,/G and Pd-Co;0,/
G catalysts, well dispersed 35 + 2 nm and 25 + 2 nm PdNPs
were formed, while the sizes of Fe;0, and Co;0, were (52 +
2 nm) and (45 + 2 nm), respectively. The binding energies
confirmed the valence states as Pd® and Pd**. The magnetic
property of Pd-Fe;0,/G was also confirmed. The same group

900 °C
— 5
Ar

Co-N-C

Ni/Fe Precursors
e ——
MW 1 min

Fig. 6 (A) Preparation scheme of the NizFe/Co—N-C bifunctional electrocatalyst. TEM (B and C) and HRTEM (D) images of (B) Co-N-C and (C and D)
NisFe/Co-N-C.2® (Copyright 2020, Elsevier B.V.)

© 2022 The Author(s). Published by the Royal Society of Chemistry

Mater. Adv,, 2022, 3, 859-887 | 869


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00840d

Open Access Article. Published on 02 December 2021. Downloaded on 6/24/2026 7:13:18 PM.

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

(cc)

Review

also prepared four magnetically recyclable Pd-Fe;0,/G catalysts
labeled as 1-4 with the Pd loading varying from 50 wt% in
Catalyst 1 to 6 wt% in Catalyst 4.'®° Catalyst 3 contained the
highest Pd(0)/Pd(II) ratio. Khalid et al. prepared Ag-TiO,/G
composites via an MW-assisted hydrothermal method from a
GO dispersion in an ethanol-water (1:1) mixture containing
anatase TiO, and varying amounts of 0.01 mol L' AgNO;."°
The weight ratio of Ag to the TiO,-G composite was controlled
at 0, 0.03, 0.06, 0.09, 0.12, and 0.15 and composites were named
TG, ATG3, ATG6, ATGY9, ATG12, and ATG15, respectively.
A crystalline anatase TiO, phase was found, but G and Ag could
not be detected in Ag-TiO,/G owing to their low content.
The valence states were confirmed to be Ti** and Ag® in the
composites. Pan et al. used N-doped coal-derived carbon to
support Co/C00,."°" Depending on the heat treatment
temperature, the coal-derived carbons were labeled as MC800,
MC950, MC1050 and MC1100. The high-temperature treatment
of the carbon (MC1050) was found to be favorable for produ-
cing structural disorder and subsequent introduction of Co/
CoO,. The Co nucleation was followed by strong electrostatic
interaction between the oxygen functional groups on the surface
and Co cations. The Co/CoO, particles were homogeneously
distributed at a lower Co content. Galal et al. discussed the
preparation of Ru-based perovskites supported on RGO."* The
preparation was carried out via the redox reaction of metal salts
(Sr(NO;),/Ba(NO3),/Ca(NO3),), RuCl; and GO via either conven-
tional or MW heating. Both conventional and MW heating
allowed the formation of SrRuO; in combination with RuO,
or RuNPs. Highly crystalline nanosized CaRuO; was detected as
the main phase using MW heating. In comparison, around
1 nm-sized BaRuO; particles with RuO, were formed via
conventional heating, while MW heating produced amorphous
BaRuO;.
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Li et al. used carboxymethyl cellulose (CMC), an inexpensive
biobased polymer, to support Ag-Fe;0,.">® Firstly, Ag@CMC
was prepared via the MW heating of Ag(NH;)** salt in the
presence of aqueous CMC sodium salt.’®*'®® Secondly, Fe;O,4
was co-precipitated under MW irradiation and alkaline conditions
to afford Ag-Fe;0,@CMC (Fig. 7). Monodispersed AgNPs (2.3 +
0.3 nm) were formed in Ag@CMC, but the magnetic Fe;0, NPs
(15.3 £ 3.5 nm) were slightly polydispersed (Fig. 7).

3.5.2. Oxide-supported catalysts

3.5.2.1. Metal oxide. Jing et al. prepared a CuNiZnO/y-Al,0;
catalyst via the MW-assisted thermal hydrolysis of urea."®® The
required amounts of Ni(NO;),-6H,0 and y-Al,O; powder were
taken in Cu(NOj3),-3H,0 and Zn(NOs),-6H,0 aqueous solution,
sonicated, and finally heated in an MW oven at 80 °C, 85 °C, 90 °C
or 95 °C for 2 h. The recovered dried product was calcined at 350 °C
for 5 h. The composition analysis of the four catalysts indicated
that the Cu content gradually decreased with an increase in the
MW temperature, whereas both the Ni and Zn contents increased.
The surface area and pore volume of the y-Al,O; support decreased
as usual following modification. A higher MW temperature
produced uniform smaller particles with better dispersion.

A CeggZr,,0, solid solution was synthesized via a rather
long process of citrate complexation (17 h) and supported on
different loadings of Al,O; via the impregnation (CI) or MW
combustion technique (CC), and finally calcined at 800 °C for
5 h."’ The CZ loading was found to be optimum at 40 wt%, and a
greater CZ loading produced agglomeration. Accordingly, samples
CZ40A-CC and CZ40A-CI contained relatively finer particles.

3.6. Ternary metal catalysts

3.6.1. Carbon-supported catalysts. Zheng et al. prepared a
series of ternary (Co,Ni; ,)Se,/C (0 < x < 1.0) catalysts via a
simple MW polyol method to replace the poor-performing

A OR
g o
CMC, H,0 00 FeSO, FeCl;NaOH
o ———
AGNHa):2" w100 °C, s min O/ mw100°C,5min Ag-Fe0,@CMC OR
OR
Apgchic QAg () :Fes0, n
. AGF .0 . 18 Carboxymethyl Cellulose
CMC/Ag ratio: 300 mg/mmol g/Fe,O, molar ratio: 1/ R = H or CH,CO,” Na*

Fig. 7 (A) Preparation scheme of Ag@CMC and Ag—Fe;04@CMC catalysts. TEM images of (B) Ag@CMC and (C) Ag—Fe;0,@CMC catalysts.** (Copyright

2016, the American Chemical Society.)
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binary NiSe,/C electrocatalyst."*® In the synthesis, Co(CH;COO),,
Ni(CH3COO), and SeO, were used as the starting materials.
The ternary catalyst solid solution was comprised mainly of
cubic NiSe, and CoSe,. An increase in the Co content reduced
the average crystallite size of (Co,Ni;_,)Se,/C from 32.1 nm to
20.6 nm. The TEM image confirmed the uniform distribution of
NPs (<2 nm) on the carbon support. In another study, ternary
ultra-small composites named Pt, 5Sn; sRh; USNP/C, Pt;Sn;Rh,
USNP/C and Pt, 5Sn;Rh, 5 USNP/C containing 20% Pt loading
were prepared via a rapid and simple one-step MW polyol
method (Fig. 8A)."*° The TEM images of Pt, ;Sn; sRh; USNP/C,
Pt;Sn;Rh; USNP/C and Pt,sSn;Rh,; USNP/C showed the
uniform distribution of NPs on the carbon support with average
diameters of 1.57 + 0.97, 1.48 + 1.18 and 1.75 + 1.14 nm
(Fig. 8B-D), respectively. XPS analysis of Pt,;Sn; sRh; USNP/C
revealed that Pt and Rh were in the metallic state, while Sn was
in the oxidized state.

4. Catalysis by supported simple metal
catalysts

The previous sections revealed that a variety of supported
nanocatalysts has been prepared via MW-assisted methods.
The supported nanocatalysts include simple metal catalysts such
as Cu’81—83,105,132 Ni,105,118,136 CO,105’119’120 Fe,84 Ru’85,86,95—99,141
Ag’112,116 Au’112,129,131,142 Pt’87792,106,111,121,142,145,146 Ti’122 Zr,123
Pd,93’106_108’127’128'130’133'134’137'138'147 and W.139 SeVeral attempts
have also been made to prepare supported simple metal oxide
(Co0y, Co304, NiO, Fe;0,, SnO,, CeO,, and TiO,) nanocatalysts
for application in the petrochemical industry.”>'®**% To
improve the catalytic activity and versatility of the application
potential of simple metal or metal oxide nanocatalysts, investi-
gations on supported bimetal,'””*"7>"77 "% mixed metal
oxide'®87193196197 and ternary metal'®®'®® nanocatalysts have
also been performed. MW-assisted synthesis has been claimed
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to be an economically viable, short, green method to produce
supported nanocatalysts. However, to achieve high catalytic
efficiency, strong bonding of the nanocatalyst to the support
materials without damaging the support materials due to MW
irradiation is essential. Moreover, the loading amount, nano-
catalyst size and distribution, and reduction efficiency of the
precursor salt during the preparation of catalysts are also known
to contribute to their catalytic activity. Consequently, the following
section covers the usefulness of various MW-synthesized sup-
ported nanomaterials in catalysis with emphasis on their catalytic
performance, stability and recycling efficiency. The performance
is compared with that prepared via conventional methods, if
available. For better comparison, this section is divided into
subsections under different reaction types such as oxidation,
reduction/reductive degradation, hydrodesulfurization/hydrodear-
omatization, photocatalytic degradation, hydrogenation, cross
couplings, synthetic reaction (cycloisomerization, dehydrogenation,
transesterification, and photocatalytic hydrogen generation) and
electrocatalysis. Some of these reactions are illustrated in Scheme
S1 (ESIT). It is worth mentioning that only the articles which
published after 2012 are considered in the following section.

4.1. Oxidation reactions

Chuang et al. observed that smaller (16 nm) CuNPs and a cubic
morphology in Cu/AC-700 W-60 s-12 prepared under the optimized
MW conditions were favorable for obtaining the highest oxidation
of CO.2* The same observation was made with the Cu/CeO,"TD
catalyst during CO oxidation (95.8% conversion) due to the better
dispersion and smaller CuNPs (33 nm)."** The catalytic efficiency of
Cu/CeO,"TD was comparable to that of Cu/CeO, nanorods prepared
via the wet IM and hydrothermal method.”***** A comparative
study on Pd/Co;0,, Pd/Fe;0, and Pd/Ni(OH), catalysts for the CO
oxidation in a programmable flow tube furnace reactor indicated
that both 30 wt% Pd/Co;0, and 50 wt% Pd/Fe;0, catalysts can
produce 100% CO oxidation at 127 °C given that the Co;0, support

NaOH

H,PtCl,-6H,0
SnCl,-2H,0
RhCly-3H,0
Carbon

EG

H,0

Fig. 8
Pt4 5Sn1Rhy 5 USNP/C composites ' (Copyright 2020, Elsevier B.V.)
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(A) Scheme of the preparation of ternary Pt—Sn—Rh USNP/C composites. TEM images of (B) Pt4 5Sn; sRh; USNP/C, (C) PtsSn;Rh; USNP/C and (D)
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itself has significant conversion efficiency."””” In a related
report, the Pd/Fe,05-573 catalyst (Pd 1.87 wt%) prepared via
coprecipitation followed by calcination at 573 K produced 100%
CO oxidation efficiency at only 60 °C.2°*> This was due to the
smaller (~ 10 nm) crystalline size of the Fe,O; support
compared to Fe;O, (25-30 nm). The deposition of AuNPs on
the Mn;0, support improved the catalytic oxidation of CO
and the 4-Au/Mn;O, catalyst (4 wt% Au) resulted in 100%
conversion at 98 °C."*° The stability test of 4-Au/Mn;O, at
50 °C and 125 °C exhibited its excellent stability up to 20 h,
and then it started to deactivate slowly, losing 4% of its initial
activity after 30 h. Likewise, the best catalytic activity was
obtained over the 4-Pd/Mn;0, (containing 4 wt% Pd) catalyst
given that 100% CO oxidation occurred at only 20 °C, a much
lower temperature than that of the previous 4-Au/Mn;O,
catalyst."*® This activity was almost on par with the meso-
structured 2.7 wt% Pd-loaded Pd/Mn;0, catalyst prepared via
impregnation and reduction.>®® The stability of 4-Pd/Mn;0,
was also better and found to be stable up to 30 h without any
remarkable decrease in its activity.

Both the loading method (e.g., complexation-MW assisted
combustion, CC, and complexation-impregnation, CI) and
weight percentage of Ce-Zr solid solution in the CeggZr,,0,/
Al,Oj catalyst influenced the oxidation of CO."” Obviously, the
conversion degree increased with the loading of Ceq gZry 0,
and the MW-assisted (CC) method resulted in better oxidation
activity. CZ40A-CC converted 98% and 100% CO at 250 °C and
275 °C, respectively, but CZ40A-CI converted 100% CO at only
the higher temperature (275 °C). The maximum conversion
achieved by the CZ40A catalysts was due to the proper amount
of Al,O;, reasonable surface area and higher dispersion of ceria
and zirconia. However, the stability of the catalysts was not
studied.

Ren et al. evaluated the performance of a hollow Cu/AC
nanocatalyst in the oxidative carbonylation of methanol to
dimethyl carbonate (DMC).®® Compared to solid Cu/AC-4, the
hollow structure of CuNPs with exposed Cu(111) crystals
improved the selectivity.>**?®® An irradiation temperature of
360 °C for a longer duration during the preparation of catalyst
was found to be undesirable given that the catalytic efficiency
was reduced due to the change in initial morphology.>°°

An MW-NiO/2D-Vmt catalyst exhibited better activity than an
MF-NiO/2D-Vmt catalyst for acetylene carbonylation in a
constant volume sealed container for the synthesis of acrylic acid
(AA).*** Again, smaller NiO grains in the MW-NiO/2D-Vmt catalyst
produced a higher yield of AA (86%), whereas the MF-NiO/2D-Vmt
catalyst produced 68% yield. However, the MW-NiO/2D-Vmt
catalyst was unstable, demonstrating a drastic change in mor-
phology and disappearance of the NiO signal after the first cycle.

An Fe/AC catalyst removed 93% of added phenol (concen-
tration unknown) after 180 min at 30 °C during oxidative
degradation but its stability was not that good given that the
removal efficiency dropped to 20% after the fourth recycle due
to severe leaching of its Fe ions.®* However, the Fe/AC catalyst
(4 wt% Fe), prepared by heat treatment in air, was worse in
terms of performance and stability.>"”

872 | Mater. Adv., 2022, 3, 859-887
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4.2. Reduction/reductive degradation reactions

Independent of the Ru content, both Ru/CPM-1 (0.5 wt%) and
Ru/CPM-2 (1.0 wt%) catalysts completely reduced p-nitroaniline
(p-NA) and crystal violet (CV) using NaBH, reductant within
15 min and 30 s, respectively.®> However, a smaller size of
embedded RuNPs in the PDC@RuNP catalyst and porous
structure helped to attain 98% elimination of the yellow color
of K;Fe(CN), within 30 s.°° Comparatively, commercial Ru/C
took a longer time (>30 s) due to its insufficient porous
structure. The PDC@RuNPs catalyst was fairly stable, retaining
~ 85% catalytic activity after six consecutive cycles. The specific
surface area decreased slightly after the 6th run but no leaching
of Ru was detected. The complete degradation of new fuchsin
(NF) dye was also possible over the PDC@RuNP catalyst.

The smaller (2.0 £ 0.5 nm) size and dense distribution of
RuNPs in the SWCNT-Ru catalyst produced through MW
reduction at 100 °C for 15 min degraded Congo red (CR) dye
at both low concentration (0.01 mM, 63.8%, 2.1 min) and high
concentration (0.06 mM, 91.0%, 3.2 min).”® The reusability of
the SWCNT-Ru catalyst did not show any significant drop in
degradation after the third cycle. The same research group
observed that the SWCNT-Ru catalyst prepared using ethanol as
a reducing agent degraded up to 98.2% of 0.04 mM CR dye
solution within 4 min."® The formation of larger Ru clusters at
a higher Ru loading reduced its activity.

Independent of the NP incorporation method (IM or DR),
Pd-Au/C catalysts activated by MW irradiation exhibited better
hydrodechlorination, HAC], activity than that activated by thermal
treatment in hydrogen."”* The improved catalytic activity
was attributed to the better homogeneity in the Pd-Al alloy.
The deactivation of the PdAu-DR-MW catalyst was also lower
owing to the better homogeneity of the Pd-Au alloy phase.

4.3. Photocatalytic/thermal degradation

A smaller size and homogeneous distribution of PtNPs and
Mo,C in Pt/G and Mo,C/C catalysts, respectively, again showed
good to excellent methylene blue (MB) photodegradation and
hydrous hydrazine decomposition activities."""*>** The MW-
assisted catalytic decomposition with a power of 180 W produced
complete decomposition over the Mo,C/C catalyst within 4 min.
The WC/AC-H catalyst prepared by the rather long procedure of
impregnation and carbothermal hydrogen reduction, produced
complete hydrazine conversion at 50 °C.>°® Ce0,-SiO, NPs abbre-
viated as M-30 (irradiation time 30 min), exhibited better MB
decomposition activity under UV light, also due to their lower
particle size and higher surface area and pore volume.'® In this
case, the degradation efficiency was 99.9% at pH 7. On the
contrary, the same CeO,-SiO, catalyst (H-24 h) prepared via the
hydrothermal process showed only 85% degradation efficiency.

4.4. Hydrogenation reaction

The selective hydrogenation reaction of p-chloronitrobenzene
(p-CNB) to p-chloroaniline (p-CAN) in the presence of either Ru/
CNT or Ru/FCNT catalysts indicated that the Ru/FCNT catalysts
prepared without/with a PVP stabilizer had better activity with
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100% selectivity at 100% conversion after 30 min of reaction.”
These findings were consistent with the more homogeneous
distribution of RuNPs and stronger anchoring of the RuNPs on
the FCNT surface. Further, the selectivity (96%) of commercial
Ru/CNT was comparatively lower. In a study on the effect of the
precursor type (Ru(acac)z;/RuCl;) on the catalytic activity of an
Ru/TiO, catalyst, it was found that an increase in the irradiation
time resulted in an increase in the particle size.*** This reduced
the yield of y-valerolactone (GVL) from the hydrogenation of
levulinic acid (LA).

An MW-synthesized Ni/AB-MW catalyst was found to be
superior to an Ni/AB-CH catalyst in the hydrogenation of
nitrobenzene to aniline with respect to conversion (98.7%)
and selectivity (93.3%)."'® MW synthesis produced a smaller
and uniform size as well as a higher loading of metallic Ni and
NiO particles. The stability of the Ni/AB-MW catalyst was also
better given that the Ni crystallite size indicated an increase in
size by 27.4% after 60 h of reaction, while in the Ni/AB-CH
catalyst, the size increase was more dominant (26.5% after 36 h).

Pd/AlL,O; catalysts prepared via plasma-induced MW irradiation,
designated as PF (plasma fixed-bed reactor) and PS (plasma
spouted bed reactor), were used for the hydrogenation of acetylene
and compared with CM (conventional thermal treatments).”*” In
the plasma fixed-bed reactor, three catalysts named PF-1, PF-2 and
PF-3 were prepared by controlling the distance between the wave-
guide and particle bed in the range of 3 to 7 cm. Overall, PF-1
possessed the maximum activity due to formation of the Pd (100)
plane and a better dispersion. The highest selectivity for
consecutive acetylene hydrogenation towards ethane was also
possible in the presence of PF-1. In another investigation, the
authors proved that although plasma spouted bed treatment
produced a higher gas temperature than conventional heat
treatment at 500 °C, the former method prevented Pd metal from
sintering due to its shorter reaction time."*®

4.5. Hydrodesulfurization/hydrodearomatization

Hydrodesulfurization (HDS) is an industrial process required
for reducing the sulfide content in fuel. A W/AL,O; catalyst
(identified as MWH-B) prepared via the part-wise addition of
oxalic acid showed enhanced HDS activity due to the good
dispersion of WO;."*° The overall analysis suggested that the
catalyst prepared via the MWH method had superior HDS
activity relative to that prepared by IM. Nguyen et al. found
that the HDS conversion of 4,6-dimethyldibenzothiophene (4,6-
DMDBT) over the CoMo/Ti-SBA-15 catalyst was 1.35-times
higher than that on the CoMo/SBA-15 catalyst.'®> Alternatively,
the insertion of Ti in the CoMo/SBA-15 catalyst reduced the
hydrodearomatization (HDA) activity of 1-methylnaphthalene
(1-MN) and phenanthrene by half. Hence, the inclusion of Ti
promised control of the HDA activity over the CoMo/SBA-15
catalyst.

4.6. Coupling reactions

To understand the deactivation process, Pd/C and Pd/Grp
catalysts were subjected to MW irradiation for variable times
(30 s, 5 min and 30 min) before the Suzuki-Miyaura

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(phenylboronic acid and p-nitrobromobenzene) and Mizor-
oki-Heck (iodobenzene, butyl acrylate, and triethylamine)
coupling transformations.”® A longer MW irradiation time
between 5 to 30 min produced a considerable loss in catalytic
activity for the Pd/C catalyst, which was more severe for the Pd/
Grp catalyst after irradiation for 30 s. The deactivation of the
catalyst resulted from an increase in particle size, dissolution of
carbon inside the metal NPs and formation of metal oxide. In
another investigation, 1 mol% of Pd/G catalyst prepared by
continuous flow synthesis produced 100% conversion in the
MW-assisted batch Suzuki-Miyaura coupling reaction between
bromobenzene and phenylboronic acid."®” However, the recycl-
ability test was not promising given that conversion decreased
from 100% to 77% in the fourth cycle of the coupling reaction.
Comparatively, the MW-assisted Suzuki-Miyaura coupling
reaction between bromobenzene and phenylboronic acid over
a magnetic Pd-Fe;0,/G nanocomposite showed better stability
with 100% conversion up to the 3rd cycle.’®® Further recycling
reduced the conversion to around 81% in the 9th cycle, which is
still good. Controlling the MW temperature between 25-80 °C is
important given that an increase in temperature to 100 °C
reduced the conversion after 10 min of reaction, indicating
destabilization of the catalyst.

Elazab et al. observed that a Pd content of 20 wt% in Pd/CuO
catalysts is optimum for obtaining 100% conversion in the MW-
assisted Suzuki-Miyaura coupling reaction between aryl halides
and phenylboronic acid."*® The application of the 20 wt% Pd/
CuO catalyst for other substrates also produced good conversion
(82-90%). The conversion drastically dropped to 60% in the sixth
run due to the agglomeration of the PANPs. Elazab et al also
investigated the applicability of Pd/CuO catalysts for the Mizoroki-
Heck (aryl bromide and alkene) and Sonogashira-Hagihara (aryl
bromide and alkyne) coupling reactions under MW irradiation."**
The Mizoroki-Heck coupling reaction between bromobenzene and
alkene on 2 mol% of the 20 wt% Pd/CuO catalyst produced the
maximum conversion of 93% at the optimized temperature of
150 °C. The catalyst was found to be fairly stable up to 5 cycles.

Interestingly, the Pd/SiC catalyst, labeled as MW3, exhibited
high catalytic activity up to 20 reaction cycles with more than
>90% yield in the Mizoroki-Heck (iodobenzene and methyl
acrylate) coupling reaction."®” Comparatively, the OB3 catalyst,
which was prepared via conventional heating, produced 100%
yield in the first cycle, but this was drastically reduced to 75%
yield. In contrast, the commercial Pd/C catalyst was usable for
only one Mizoroki-Heck reaction cycle. The better catalytic
activity, i.e., longer catalytic life of MW3 was due to larger
amounts of PANPs on the support. MW3 was also found
applicable in the Suzuki-Miyaura coupling reaction.

In comparison to the Pd/Ag/SBA-15 catalyst, the Pd/Au/SBA-
15 catalyst showed superior activity in the Suzuki-Miyaura
coupling reaction between iodobenzene and aryl boronic acid
and produced ~70% conversion.'®® The enhanced activity of
aryl halides followed the order of I > Br > Cl. A comparative
study among the Pd-Fe;0,/G, Pd-C030,/G and Pd-Ni(OH),/G
catalysts for the Suzuki-Miyaura coupling reaction (bromobenzene
with phenyl boronic acid) showed the lowest (< 60%) conversion
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over the Pd-Ni(OH),/G catalyst but both the Pd-Fe;0,/G and
Pd-Co;0,4/G catalysts produced 100% conversion within 10 min
at 120 °C."®® The good nano-size distribution of the catalyst on G
nanosheets in both cases substantially improved the catalytic
conversion. The Pd-Fe;0,/G catalyst was fairly stable, producing
90% conversion in the fifth cycle. In an early article, Elazab et al.
demonstrated that 0.3 mol% of magnetically recyclable Pd-Fe;0,/G
catalyst, labeled as catalyst 3 (Pd 7.6 wt%), produced 100% conver-
sion within 45 min in the Suzuki-Miyaura coupling reaction.'®’
Despite having a low Pd content, catalyst 3 had the highest activity
because it contained the smallest Pd (3-4 nm) and Fe;O, NPs
(12-16 nm).

4.7. Synthesis reactions

The catalytic cycloisomerization of substituted propargylic urea
to produce substituted imidazolone under optimized reaction
conditions was carried out over MW-2%Ag@AISBA-15, MW-
2%Au@AISBA-15, BM-2%Ag@AISBA-15 and BM-2%Au@AISBA-
15 catalysts (Scheme 1).'"> Irrespective of their preparation
methods, the supported Au nanocomposites were almost
inactive with a yield of less than 5%. Alternatively, the ball-
milled BM-2%Ag@AISBA-15 catalyst was more active (yield,
56%) than the MW-synthesized MW-2%Ag@AISBA-15 catalyst
(vield 35%). However, despite the lower activity of the MW-
synthesized catalyst, the authors claimed that the MW-assisted
synthesis of the catalyst is favorable because it requires a few
minutes for the one-step reduction compared to several hours
required by ball milling-assisted synthesis. However, information
on the size distribution, valence state and crystallinity of the
nanocatalyst is not available, and thus it is difficult to predict
the exact reason for the poor performance by the MW-
2%Ag@AISBA-15 catalyst. However, another author reported
99% yield of 2a (Scheme 2) with 100% conversion at 50 °C using
a similar type of 0.96 wt% AgNCs/SBA-15 catalyst during the
cyclization of propargylguanidine."'® This result is remarkable
compared to that of Ag salts and AgNCs, although the metal
loading is much lower.?**'® The conversion was retained at
>90% conversion after 4 cycles, and no Ag leaching was detected
and the morphology with the size distribution of the recovered
catalyst remained unchanged. The cyclization of 2-(phenylethy-
nyl)phenol in the presence of 0.96% AgNCs/SBA-15 catalyst
also resulted in 100% conversion with 93% selectivity for
2-phenylbenzofuran (4a) at 70 °C (Scheme 2).

Song et al. observed superior CO, methanation activity over
an Ni-Al,0;-M catalyst compared to that over an Ni-Al,0;-I
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Scheme 1 The catalytic cycloisomerization of substituted propargylic
urea.!*? (Copyright 2019, the American Chemical Society.)
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Scheme 2 The catalytic cyclization of propargylguanidine (la) and
2-(phenylethynyl)phenol (3a).1*® (Copyright 2020, the American Chemical
Society.)

catalyst."*® The maximum conversion efficiency of 91.6% was

possible at 325 °C over the Ni20-Al,0;-M catalyst (20 wt% Ni)
and the selectivity for CH, in the temperature range of 200-
400 °C was around 99.3%. The catalyst was stable at 325 °C for
up to 72 h given that the conversion remained high (91.6%).
The anti-sintering stability of the Ni20-Al,0;-M catalyst was
confirmed.

Akay et al. tested a Co/SiO, catalyst in non-thermal plasma-
promoted Fisher-Tropsch synthesis (FTS) involving CO and H,
gases.'™ Catalyst-ABC-550, where metal oxide was reduced in a
plasma reactor under a stream of H, for 24 h at 550 °C, was
found to be the best, producing 100% CO conversion. Catalyst-
ABC-550 also possessed better stability given that the CO
conversion of 100% remained constant over the complete test
period of 175 h. It was possible to restore the complete catalytic
activity of the deliberately deactivated Catalyst-ABC-550 by
reduction with H, (25 mL min~") at a plasma power of 90 W
for 24 h at 250 °C. In contrast, the Co/SiO, catalyst prepared by
depositing Co monolayers on a 10 nm-thick SiO, film demon-
strated poor stability in the FTS reaction.”’* In another inves-
tigation, Co/SiO, catalysts prepared via conventional drying
offered better CO conversion (68.3%) compared to that
prepared via the MW method (42.1%) but the selectivity
towards liquid hydrocarbons of Cs. was higher (63.2%) for
the catalyst prepared via the MW method."”® However, it is
not clear whether the MW method caused any damage to the
support or agglomeration.

A comparative study between MW-NiO/Vmt and CHT-NiO/
Vmt catalysts for CO methanation in a stainless steel tubular
microreactor in the temperature range of 250-500 °C showed
the better CO conversion (99.6%) and CH, selectivity (93.8%) by
the MW-synthesized MW-NiO/Vmt catalyst at 400 °C.'®*
MW-NiO/Vmt was also found to be comparatively more stable.

The ethanol conversion in the range of 250-450 °C with a
constant H, flow over Pt/SiO, catalysts, which were prepared
with different Pt loadings via the MW-assisted solution and
RCE methods, increased markedly with an increase in tem-
perature, but decreased slightly with the Pt loading, which was
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affected by the dispersion behavior of the PtNPs."*' The selec-
tivity toward ethylene (dehydration) at 450 °C for the 0.6 and
0.9 wt% Pt-loaded catalysts prepared via the MW method was
higher (50-53%) compared to that (47%) for the samples
prepared via the RCE method.

The photocatalytic activity of TiO,/Au NPs for H, production
from a mixture of ethanol and water in the gas phase through a
tubular reactor suggested that the removal of the capping
agent, PVP, via calcination is necessary to improve the
efficiency.'®® The optimal calcination temperature was 450 °C
for the best H, evolution of ~5.3 H, g. ' h™' (sample A,
100 mg of PVP) and ~3.5 H, gc,e - h™' (sample B, 600 mg of
PVP). A higher calcination temperature (>550 °C) reduced the
catalytic performance via aggregation. The higher catalytic
activity of sample A was due to the larger interface area between
Au and TiO,, which favored the interaction between the Au and
TiO, NPs.”"® A comparative study of the catalytic property
between Pd/Ag/SBA-15 and Pd/Au/SBA-15 catalysts for hydrogen
production from ammonia borane (AB) under both dark
and visible light irradiation conditions indicated the superior
catalytic activity of the Pd/Ag catalyst."®® Khalid et al. observed
that the catalysis power of an Ag-TiO,/G composite for hydrogen
production from methanol aqueous solution was superior to
that of the pure TiO,, Ag-TiO, and TiO,/G samples."*° Hence,
the inclusion of a G support and Ag played a vital role in
enhancing the photocatalytic activity. The hydrogen production
efficiency from methanol over four different copper-based
catalysts (CuNiZnO/y-Al,0;), which were prepared at different
MW temperatures (80 °C, 85 °C, 90 °C and 95 °C) indicated that
the content of Cu, Ni and Zn had an effect on the catalyst
power.'®® The MW-Cu/Ni-80 catalyst contained a higher amount
of Cu (47.92 wt%), resulting in higher activity at a lower reaction
temperature (200 °C). In contrast, the other catalysts processed
at higher MW temperatures contained larger amounts of Ni and
Zn than the MW-Cu/Ni-80 catalyst, which played the main role
for increasing methanol conversion at a higher temperature
(=225 °C). The catalytic selectivity with respect to H, production
increased with an increase in the reaction temperature for
MW-Cu/Ni-80, but for MW-Cu/Ni-90 and MW-Cu/Ni-95 this trend
could not be distinctly confirmed and the overall yield was
relatively high for both MW-Cu/Ni-90 and MW-Cu/Ni-95. The
formation of an increasing amount of Ni possibly inhibited the
formation of methyl formate and increased the selectivity for H,
and CO in methanol decomposition.”**'* The MW-Cu/Ni-90
catalyst was fairly stable and methanol conversion was
maintained at 100% for up to 26 h, only slightly decreasing to
98.8% after 30 h.

4.8. Electrocatalysis

In the last few decades, a considerable amount of research has
been devoted towards the application of Pt NPs in PEMFCs,****
water splitting,*"” and direct alcohol fuel cells.>'® However, due to
the high cost of Pt, its application is limited, and thus researchers
are focusing more on the development of multicomponent (binary
or ternary) catalysts to promote the catalytic performance.
The combination of Pt with non-precious metals can also reduce
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the dosage of Pt and is beneficial for improving its resistance to
poisoning.***?*

Sharma et al. studied the electrocatalytic activity of Pt/C
electrocatalysts prepared using different precursors.””> A com-
parative study of the cyclic voltammograms (CV) suggested that
relative to the commercial Pt/C catalyst, the H,PtCls- and
(NH,),PtCls-sourced MW-synthesized Pt/C catalysts possessed
a higher and almost identical electrochemical surface area
(ECSA). The (NH,),PtClg-sourced Pt/C catalyst exhibited a com-
parable ORR performance with that of the commercial and
H,PtCls-sourced catalysts. The electrocatalytic activity of CoSe,/
C catalysts prepared with different Se/Co ratios showed that an
Se/Co ratio of 3.0 is the best for ORR activity and stability."”” An
excess amount of Se oxide reduced the ORR activity due to the
occurrence of severe aggregation of the CoSe, NPs. Likewise,
FeSe,/C NPs prepared with different Fe/Se ratios exhibited the
best ORR activity at Se/Fe ratios of 2.0 and 4.0, respectively."”®
These ratios were equivalent to 47.21% and 48.2% of the total
amount of FeSe, and FeSe, respectively. An increase in Co
content in a series of ternary (Co,Ni; ,)Se,/C catalysts
improved their electrocatalytic activities towards the ORR.'®
The beneficial effect of the incorporation of Co was further
confirmed by the increase in the ORR potential (Eorg). The
incorporation of Co in binary NiSe,/C was also advantageous for
the enhanced stability of the (Coy 75Nig25)Se,/C electrocatalyst.

The addition of Sn to a Pt/C catalyst greatly enhanced its
electrocatalytic activity for ethanol oxidation (EO), whereas the
addition of Rh only modestly improved the electrochemical
performance.'”" Chronoamperometric tests suggested that
PtSn/C is considerably less poisoned compared to the Pt/C or
PtRh/C catalysts. Similarly, the inclusion of Cu in Pt/C (Pt3Cu/
C, Pt4Cu/C, and Pt2Cu/C) catalysts improved their electrocata-
Iytic performances compared to the commercial Pt/C catalyst
for EO and MO."”* The Pt3Cu/C catalyst had the highest mass
activity, MA, (1.61 A mg ') and surface specific activity, SA,
(3.23 mA cm ?) towards EO. The Pt3Cu/C catalyst also
displayed the highest MA (1.92 A mg™ ') towards MO. The
inclusion of Cu also improved the durability of PtCu/C towards
the EO and MO reactions. SF-MWCNT-Pd and its mixed
bimetallic SF-MWCNT-PdSn,,,;x and SF-MWCNT-PdNi,,;x hano-
catalysts were found to be more active towards EO compared to
alloyed SF-MWCNT-PdANi and SF-MWCNT-PdSn catalysts
produced via MW assisted co-reduction."’® The addition of Sn
to Pd produced the maximum influence on electrocatalytic
property. However, chronopotentiometric experiments showed
that SF-MWCNT-PdNi,,;; was more tolerant to CO poisoning
than SF-MWCNT-PdSn,,;x. The electrocatalytic activity of PtNi/
FCNT analyzed in MO was dependent on the metal loading and
mode of irradiation."®® The catalysts prepared at different
irradiation times had almost the same stability, but higher
than that of the reference Pt/C catalyst. Three different ternary
catalysts labeled as Pt, sSn; sRh; USNP/C, Pt;Sn;Rh; USNP/C
and Pt,sSn;Rh; 5 USNP/C also showed an improvement in
electrocatalytic performance towards both MO and EO than
20 wt% Pt/C."*° Notably, the highest MA and SA were observed
for the Pt,sSn; sRh; USNP/C catalyst. The stability tests also
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confirmed the superiority of the Pt, sSn; sRh; USNP/C catalyst.
The structures and morphologies after 1000 sweeping cycles
did not change for all the Pt-Sn-Rh/C catalysts, whereas for the
20 wt% Pt/C catalyst, severe aggregation was observed.
A trimetallic AuPdPt@WC/C catalyst also showed an
improvement in electrocatalytic MO reaction compared to the
commercial Pt/C catalyst.”®® The anti-poisoning ability of
trimetallic AuPdPt@WC/C was 5-times better than that of the
commercial Pt/C catalyst. The formation of highly dispersed
AuPdPt metals on a WC support and the coupling effect
between NPs enhanced the electrocatalytic performance.

The MW synthesis of PtRu/MWCNT NPs resulted in an
improvement in poisoning resistance to CO following the
formation of a homogeneously dispersed alloy phase.'®' In a
similar investigation, the PtPd/MWCNT-GNP catalyst was
found to possess the highest electrochemical stability and
durability compared to PtPA/MWCNT and PtPd/GNP
catalysts."®* This behavior was ascribed to its better dispersion,
smallest NP size and highest specific surface area (164 m* g™ %).

The electrochemical activity of the Co;0,@SUS electrode
towards the OER in water splitting was compared with
reference materials including commercial RuO,@SUS and
C030,-LNS@SUS catalysts.'®® Co;0,@SUS exhibited the most
favorable OER kinetics due to its rod-like morphology and
highest surface to volume ratio. The stability of the Co;0,@SUS
catalyst was good towards the OER with 78% current retention
after 24 h and the initial morphology of the catalyst was
maintained. Meanwhile, a metal organic framework, Co-N-C,
supported NizFe catalyst offered the best OER activity and best
reaction kinetics compared to Ni;Fe/N-C, IrO,, and Co-N-C.*%” A
negligible decay in current density was observed for the NizFe/
Co-N-C catalyst after 3000 potential sweeps. Subsequently, the
Ni;Fe/Co-N-C showed a comparable ORR performance. Hence,
the NizFe/Co-N-C catalyst can be an efficient bifunctional
electrocatalyst for the OER and ORR. Pan et al. also demon-
strated an improvement in OER activity for a supported Co/CoO,
catalyst following the inclusion of Co.'*

5. Scope and outlook

This review article focused on evaluating the feasibility of
MW-assisted methods over conventional methods for the
preparation of durable and effective supported heterogeneous
metal/metal oxide/their hybrid nanocatalysts. It was already
mentioned that unsupported nanocatalysts are prone to
aggregation, are unstable in air, and promote leaching, and thus
deactivate easily during catalysis. In this regard, the anchoring or
mobilization of nanocatalysts on an inert or catalytically active
support could help to improve the catalyst lifetime by inhibiting
leaching, enhancing its stability, reducing its poisoning and
maintaining its nano-size distribution.

Numerous variations in MW-assisted routes have been
developed and evaluated for the preparation of supported
nanocomposite catalysts. The predominantly used methods
studied include MW-assisted polyol/alcohol reduction of metal
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salts,81:87:88,:90-92,95,99,111,112,132,141,142,145,146,158,162,166,171-173,175-180,
y

182,183,186,190,198,199  My-assisted reduction in the presence
of reducing agents or under H, pressure,’®106-109:116,121,127-130,
133,134,161,181,188,189 \ 1y} heating with the aid of an MW absorber
(ionic liquid),"*® carbothermic MW reduction of impregnated
metal salts,**®** MW thermal reduction of impregnated dried
precursors,”>%%8%96,97,105154,163,164  qpyine  and  calcination
under MW conditions followed by impregnation,®> MW drying
followed by impregnation,"*®'**'%* MW thermal decomposi-
tion of metal salts with or without subsequent drying and/or
Calcination,86,122,l23,131,136,139,147,155,157,158,165,187,191,193,196 MW
activation followed by wet impregnation of metal NPs,'7*"”
and MW-induced plasma irradiation.*****”*3¥ Most of these
methods are carried out in a batch-wise fashion, except a few in
continuous flow mode.'”""*®**?® The comparative study of
MW-assisted methods and conventional methods, whenever
investigated, demonstrated that MW methods promoted faster
nucleation, produced more homogeneous smaller-size NPs
within a shorter time, improved the catalyst loading and better
alloying in the binary/ternary metallic phase because of the high
loss tangent values, strong MW absorption, and thus faster heating
al’ld lOWer aCtiVatiOn e1,1el_$].112,118,120,121,136,138,139,160,162,163,174,184
The usefulness of MW-assisted methods is dependent on
the ability to produce a perfectly homogeneous distribution of
uniform nanosized catalyst with a controlled morphology on a
solid support. The intimate contact with strong fixation is also
a desirable requirement from the view point of stability and
good dispersity of the nanocatalyst on the support. In almost all
the above-mentioned articles, it was found that MW-assisted
batch methods under optimum conditions favorably produced
a well-dispersed, uniform, nano-sized distribution of metal/
metal oxide/their hybrid catalyst, reportedly down to even 1.6 +
0.7 nm, which was observed for AgNCs."'® The addition of
stabilizer was considered not essential to improve the size
distribution, and thus the surface property of the nanocatalyst
was easily maintained. The MW power, irradiation time, tem-
perature, loading amount, functionality/porosity of the support
materials, pH of the reaction medium, nature of the precursor
salt and reducing agent all influenced the size distribution of
the supported nanocatalysts. The use of a too high MW
irradiation power and too long irradiation time sometimes
caused sintering of the nanocatalysts''®!*1137:162:180 apd even
damaged the support materials.”* Thus, a balance is needed
between MW power and irradiation time to achieve the optimum
nanosize distribution. MW irradiation under vacuum and the
selection of an appropriate precursor salt were also found to be
crucial in minimizing damage to the support.’® In some
instances, functionality or porosity in the support materials
was found beneficial for improving the metal loading, dispersi-
bility and  crystallinity index of the anchored
nanocatalyst.86'95'110'116'120’121'162'180'191'193 Interestingly, a
variation in the shape and morphology (e.g. spheroid, cubic,
rod, plate, hollow, and porous) of nanocatalysts was also
achieved by controlling the MW reaction conditions such as
pH, irradiation temperature and time, precursor and support
materials,5178%:110:129,130,162,165 Hqwever, despite the successful
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preparation of various supported, well-dispersed nanocatalysts,
the wide variations in MW-assisted methods needed to be
optimized in terms of simplicity, scalability, economic feasibility,
processability and reproducibility. In this regard, methods such as
the one-pot MW polyol/alcohol reduction method, one-pot
MW-assisted reduction in the presence of reducing agents and
one-pot thermal decomposition of the precursor without
additional calcination can be preferentially suitable for mass
production. These particular methods have been proven
beneficial for preparing a large variety of supported well-
dispersed nanocatalysts (including Pd, Ag, Cu, Pt, Ru, Au, Pd-
Fe;0,, Pd-Co;0,, Pt-Mo,C, PtRh, PtSn, CoSe,, and PdNi) without
aggregation. In the above-mentioned iz situ methods, the addition
of a solvent is desirable because the solvent-free MW method
was not found to be conducive for obtaining a homogeneous
distribution due to the aggregation of the particles.”®®” Although
scarcely studied, the continuous flow MW-assisted method, which
is favorable for improving the reproducibility, batch consistency
and yield, was found to be promising for preparing supported,
well-dispersed finely tuned, uniform nanocatalysts on a mass
scale.'?”"'%128 Importantly, the average size of the nanocatalysts
produced in the continuous flow mode was smaller compared to
that prepared via the batch method."®'?®

The second point is the analysis of the catalytic power of
various MW-synthesized supported nanocatalysts, tested for
different organic transformation reactions including electroca-
talysis. In general, the MW irradiation conditions, particle size,
dispersibility, morphology, loading amount, valence state of
the active catalyst and nature of the support materials affect the
catalyst efficiency. For example, irradiation for longer time
reduced the catalyst efficiency due to a change in morphology,
dispersity, damage to the support and formation of metal
oxide.®**™! Morphology also plays a key role, given that
cubic-shaped smaller nanocatalyst particles showed better catalytic
activity, which is ascribed to their higher surface area.®! Table S1
(ESIT) summarizes the activity of various supported nanocatalysts
prepared under MW irradiation and conventional reaction
conditions. Interestingly, in most cases, the MW-assisted-
synthesized supported nanocatalysts possessed better catalytic
activity compared to the commercial®>'*4716%18 and/or corres-
ponding nanocatalysts prepared via conventional
methods'llS,lZO,lZl,136,139,147,162,163,174,2217223 Although the Compal‘a-
tive data on the corresponding catalysts prepared by conventional
methods is still inadequate, it is reasonable to conclude based on
the available results that the MW-assisted-synthesized supported
nanocatalysts possess good prospects for industrial use. Some
authors even carried out the catalysis reactions under MW reaction
conditions over supported nanocatalysts and found fairly good
conversion and/or yield.''>"**1?%128:156 The better catalytic activity
of MW-synthesized supported nanocatalysts can be assumed to be
due to the improved homogeneous distribution of smaller
nanocatalyst particles, larger volume to surface ratio, surface
heterogeneity, synergistic interaction between metals and stronger
interaction between the nanocatalyst and support materials.
The data on the stability of MW-synthesized nanocatalysts during
recycle is scarce, and thus more investigation is needed in the area.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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However, according to the limited available data, the stability and
recyclability were found to be comparable to both the commercial
and corresponding nanocatalysts prepared by conventional
methods. In some instances, even better recycle stability was observed
for MW-assisted synthesized supported nanocatalysts.''8%%7*
However, although the data on the stability and recyclability
of MW-synthesized nanocatalysts is encouraging, much more
effort is necessary to further improve their performance, given
that in some cases the activity decreased significantly after a
few reaction cycles.3>809%98,99,107,116,133,174 ‘The decrease in
activity during recycle in either case occurred mostly due to
the change in morphology, aggregation, graphitization and loss
of the active catalyst wvia leaching of metal
ions, 8486:118:133,134,155,164 11y thig regard, the one-pot synthesis
of supported nanocatalysts under mild MW conditions without
additional calcination and use of a functional support for
strong fixation can be attempted to further improve the recycle
stability, thus reducing both the aggregation and leaching of
the metal ions. It is noteworthy to mention that in batch
catalysis reactions in a constant volume reactor, the activity
of the nanocatalyst decreases sharply compared to that under
continuous flow reaction conditions in a flow tube reactor
(Table S1, ESIf). The shorter residence time, more efficient
heat transfer from the heating/cooling source due to faster
mixing, faster reaction kinetics than their batch counterpart
and reduction in frequent abrasion/collision due to the absence
of additional stirring may have improved the catalyst life in the
continuous flow reaction condition.

A considerable volume of research is also available on the
testing of the electrocatalytic activity of MW-synthesized
supported binary and ternary metal nanocatalysts, with the
aim to reduce the cost/dosage of precious Pt-based supported
nanocatalysts for applications in PEMFCs, water splitting and
alcohol fuel cells. In many cases, improved electrochemical
performances with improved durability were observed for
MW-synthesized electrocatalysts compared to the reference/
Commercial Pt/C electrocatalyst.QZ,léls,l65,171,173,178,1807182,187,199
The synergistic coupling effect, smaller size, and electronic and
ionic effect helped to improve the electrocatalytic performance
of binary and ternary metal nanocatalysts. Continuous irradia-
tion rather than pulsed mode of irradiation was found to
result in better electrocatalytic activity and better CO anti-
poisoning ability.'®® The electrocatalytic activity suggested
that a porous support enhanced the property due to the
improved mass-transport property.’®® Overall analyses sug-
gested that bimetallic: FeSe,/C, Pt-WC/C-F, PtSn/C, PtRh/C,
Pt3Cu/C, PtNi/FCNT, PtRu/MWCNT, PtPd/MWCNT-GNP, Ni;Fe/
Co-N-C, and Co0/C00,40-MC1050 and trimetallic: Pt-Sn-Rh/C,
AuPdPt@WC/C can be good replacement for the commercial
Pt/C catalyst.

6. Conclusion

The MW-assisted methods available for the preparation of
supported metal/metal oxide/their blend nanocatalysts were
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reviewed with the aim to evaluate their suitability and present
suggestions for improving their performance, if any. Numerous
variations in MW-assisted methods have been developed for the
preparation of a broad spectrum of supported nanocatalysts. In
almost all the methods, well-dispersed, smaller, uniform sup-
ported nanocatalysts were successfully prepared with good
catalytic properties. The limited data on durability and recycl-
ability also indicated the better performance of MW-
synthesized nanocatalysts compared to commercial and the
corresponding supported nanocatalysts prepared via conven-
tional methods. Thus, it can be concluded that MW-assisted
methods can be used on an industrial scale for the preparation
of supported nanocatalysts, and from now, efforts should be
made to optimize the various processes into a few that can be
used for mass scale production. Accordingly, the wide
variations in MW-assisted methods need to be simplified and
optimized into scalable, one-step in situ methods, where all the
reactants (precursor salt, solvent, MW absorber, and polyol/
alcohol/reducing agent) in the presence of the support materi-
als can be MW treated. There is also scope to further improve
the stability/recyclability of the used nanocatalyst, at least for
up to 10 recycles. Presently only 5-6 recycles are possible, which
are insufficient from an economic point. This can be done by
eliminating high temperature calcination, which is employed
on many occasions after MW synthesis, using a functional
support to improve anchoring and by developing MW reactors
for efficient heat transfer so that the MW power can be reduced
to the minimum. Continuous flow MW reactors have also been
tried on a limited scale, and this idea is interesting for mass
scale production but more investigation is needed to check the
efficiency of the reactor for synthesizing a wide variety of
supported nanocatalysts with durable properties.
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