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Advanced metal oxide-based nanocatalysts
for the oxidative synthesis of fine chemicals

Rakesh Kumar Sharma, (2 *® Rakeshwar Bandichhor,” Vishwesh Mishra,®
Shivani Sharma,® Sneha Yadav,® Shilpa Mehta,” Bhavya Arora,® Pooja Rana,’
Sriparna Dutta® and Kanika Solanki®

The development of nanocatalysis has ushered in a new era in chemistry by promoting the design of
new catalytic production processes in organic synthesis with utmost level of waste minimization by
conforming to green chemistry principles. Consequently, significant advancement has been made
towards the generation of highly active and selective metal oxide-based materials with tunable
properties that can be controlled at the nano-scale. A thorough literature survey revealed that these
functional nano-architectures are endowed with exceptional potential to boost industrially significant
oxidation processes in terms of activity, selectivity, product yield, atom economy, recoverability and
reusability. This review aims to combine all the scattered literature pertaining to the applicability of
diverse metal oxide nanocatalysts in the manufacturing of fine chemicals, which can serve as a guide for
the scientific community working in this area. In the first section, we present an in-depth understanding
on the fundamental concepts of metal oxide-based nanoarchitectures, emphasizing their role in
expediting practically important oxidation processes. Subsequently, we present the state-of-art progress
on various synthetic methodologies and functionalization strategies adopted by different research
groups to acquire strategic vision of essential requisites for the design of nanoengineered metal oxides.
Furthermore, an in-depth discussion on surface coating agents and functionalization strategies, which
are key structural aspects for manufacturing nanohybrid catalysts with enhanced activity and selectivity,
will also be covered. Finally, we summarize all the research work conducted on the utilization of
surface-engineered metal oxide-based nanomaterials in accelerating oxidation reactions including
alkane oxidation, alkene oxidation, arene oxidation, alcohol oxidation, amine oxidation and thiol
oxidation. Further, it is envisioned that this review will give new directions to nanocatalysis research by
providing clues for the judicious design of next-generation catalytic nanomaterials, which will not only
improve industrial production but also protect the environment and human health.

economically competitive manner. Considering this, the scien-
tific community is focused on cutting-edge research to unlock

Nanotechnology, a fast-evolving discipline, is often hailed as an
innovative route for the design of next-generation raw materi-
als, resulting in remarkable features useful in an array of
scientific and industrial areas.™” In fact, it has dramatically
fostered the development of the manufacturing sector world-
wide by opening new avenues towards cleaner and sustainable
catalytic protocols for industrial chemical processes in an
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the potential of engineered nanostructures in the field of
catalysis, originating from the precise control of the design of
materials owing to their tunable physico-chemical properties.®
Indeed, the integration of nanoscience and catalysis is consid-
ered a versatile amalgamated stratagem that can bridge the gap
between homogeneous and heterogeneous catalysts through
the construction of nanometer-scale architectures having
unprecedented catalytic efficacy due to the blend of the promi-
nent facets of both catalysts.*” By exploiting the technological
advances delivered by the heterogenization approach, there
have been numerous breakthrough innovations in novel cata-
Iytic materials based on distinct metal oxides to address all the
formidable challenges often encountered during the practical
application of their bulk counterparts.® Driven by the astonish-
ing progress, pioneering researchers and materials science
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engineers have devoted their efforts to exploring green innova-
tive synthetic strategies for the judicious design of several metal
oxides nanocatalysts using iron oxide,” silica,®° alumina,®
halloysite,"* copper oxide,"? titania,'* etc. as the
support matrix. These engineered oxide based nanocatalytic
systems significantly contribute to shaping the sustainable
future of modern society given that they provide a myriad of
opportunities such as low energy consumption, economic
viability, little environmental impact, enhanced activity and
selectivity together with facile recovery.'® Several studies proved
that designed nano-scale metal oxide-based catalytic materials
show remarkable potential to speed up previous and current
oxidative transformations, which are the core of modern
organic synthesis, given that they significantly contribute to
the large-scale production of fine chemicals, intermediates and
monomers for various polymers.'®™° Our literature survey
revealed that these oxidation reactions are often achieved by
adding stoichiometric amounts of strong oxidants such as
chromium(v) reagents, permanganate, tert-butyl hydroperox-
ide, selenium oxide, ruthenium(vin) oxide, nitric acid, and
oxygen.’®? Unfortunately, the scope of the aforementioned
oxidant-mediated protocols is limited given that these oxidizing
agents are either toxic or unstable under atmospheric condi-
tions, nonspecific in action, and produce undesirable side
products. Thus, to improve the environmental footprint of
chemical production processes, many research groups have
developed another complementary pathway involving the utili-
zation of hydrogen peroxide as a green oxidant, which is
gradually replacing some well-established processes due to its
excellent oxygen atom efficiency, low cost and production of
water as the only by-product.>*>” However, despite these excit-
ing opportunities, there are still several challenges ranging
from the scaling up to final commercialization of these new-
generation nanocatalysts, which need to be addressed. Hence, to
overcome the predominant obstacles, we attempt to combine all
the scattered literature reports pertaining to nanoscale catalysts in a
single reference, which will serve as a guide for material chemists
and researchers in the field of oxidative organic synthesis.

zinc oxide,™
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The prime objective of this review is to shed light on the
studies related to the fabrication of heterogeneous nanocata-
lysts based on different oxides nanostructures for boosting
industrially significant oxidation processes. This review pro-
vides comprehensive coverage of the state-of-art progress on
various synthetic methodologies adopted by different research
groups together with an in-depth discussion on surface coating
agents and functionalization strategies to acquire strategic
vision on key structural aspects for manufacturing nanohybrid
catalysts with enhanced activity and selectivity. Subsequently,
we present a detailed discussion on the application of surface-
engineered metal oxide-based nanomaterials in accelerating
various oxidation reactions such as alkane oxidation, alkene
oxidation, arene oxidation, alcohol oxidation, amine oxidation
and thiol oxidation (Fig. 1). Also, we critically discuss the
opportunities and challenges associated with emerging H,O,-
based oxidation processes. Finally, we conclude with a sum-
mary and future perspective on new innovative directions
towards the development of selective oxidation catalysts, high-
lighting the points needs to be addressed for their practical
implications at the pilot and industrial scale.

It is worth mentioning that no review has been published to
date that presents a compilation of the vast and scattered
literature of heterogeneous nanocatalysts based on different
oxide nanostructures for boosting industrially significant oxidation
processes in a comprehensible manner. Finally, it is anticipated
that this review will give new directions to nanocatalysis research by
providing clues for the judicious design of next-generation benign
catalytic technologies, which will not only improve industrial
manufacturing but also assist in alleviating environmental chal-
lenges for sustainability in the near future.

Synthetic strategies for the development of various metal oxide
nanostructures

The choice of the synthetic route utilized for the formulation of
nanoscience-inspired metal oxide-based materials plays a key
role in achieving desired features including size, dispersity,
morphology and crystal structure. The tuning of physicochemical
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Fig. 1 Schematic representation of the application of metal oxide-based nanostructures in catalytic protocols.
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Fig. 2 Different approaches for the synthesis of various metal oxide nanostructures.

properties at the nanometer level imparts distinct characteristics
to the developed material according to a particular application. A
comprehensive literature survey revealed that a myriad of differ-
ent studies has been carried out on the synthesis of metal oxides,
which can be mainly categorized as top-down and bottom-up
methods (Fig. 2). The former includes mechanochemical synth-
esis, spray pyrolysis, laser-assisted deposition, atomic-layer
deposition, ion implantation, sputtering and etching. For
instance, Zhang and Dai and their research group utilized a
different solid-state mechanochemical nanocasting approach for
the synthesis of a series of highly porous metal oxides such as
Zr0,, Fe,03, CeO,, CuO, La,0;, CuO,~CeO, and CuO,-CoOy~
Ce0,, manifesting record-breaking surface areas.*® To obtain the
desired nanoporous metal oxides, a ball-milling process utilizing
commercial porous silica as the template precursor was
employed, followed by calcination and subsequent removal of
silica with NaOH. Likewise, Botta and co-workers synthesized iron
oxide nanoparticles using three different reactive systems invol-
ving different oxidation states of precursor iron salts and mean
sizes in the range of 8-10 nm.>® Flame spray pyrolysis is an
advanced technique for the preparation of thermally stable and

© 2023 The Author(s). Published by the Royal Society of Chemistry

high surface area nanoparticles, and even their large-scale man-
ufacture. In this case, Smirniotis et al. reported the fabrication of a
series of MgO nanoparticles using a flame aerosol method, which
were further utilized for CO, sorption at lower temperatures.** In
another report, monodisperse and crystalline SnSe nanospheres
were synthesized following a spray pyrolysis approach, which were
subsequently transformed into SnO, nanospheres through a post-
treatment oxidation process at 600 °C in air relying on Kirkendall
diffusion.** CuO nanoparticles were also reported to be synthe-
sized using the dc reactive magnetron sputtering technique at
the low temperature of —194 °C. The synthesized nanoparticles
were found to be highly pure with a narrow size distribution,
average crystallite size ranging from 6-13 nm and high surface
area.”> Camacho-Lopez et al. delineated the preparation of molyb-
denum oxide (MoOx) nanoparticles through the laser ablation
of solids in liquids technique. This technique employed an
Nd:YAG (neodymium-doped yttrium aluminium garnet) laser for
the fabrication of MoOx nanoparticles with nanosecond pulses in
deionized water without the use of any additives or surfactants.>?
Likewise, Kupracz and co-workers synthesized a mixture of FeO,
Fe;0, and Fe,O; nanoparticles via the pulsed laser ablation

Mater. Adv., 2023, 4,1795-1830 | 1797
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technique and further decorated on anodized TiO, nanotubes,
which subsequently exhibited enhanced activity towards the oxy-
gen evolution reaction.** Recently, an ion implantation method
was employed by Gentils and co-workers for the synthesis of
highly pure Fe-Cr alloy nanoparticles. The developed protocol
involved the consecutive implantation of Al and O ions in the Fe-
Cr alloy nanoparticles at room temperature.*® Alternatively, the
bottom-up route includes sol-gel, sonochemical, photochemical
solvothermal synthesis and thermal decomposition as the most
commonly employed techniques for the synthesis of metal oxide
nanoparticles. Kim and co-workers reported a template-free sono-
chemical reduction route for the transformation of potassium
permanganate into o- and 8-MnO, phase with two different
reaction times (15 min and 30 min) using polyethylene glycol as
the reducing agent.*® It was concluded that the spherical &-MnO,
nanoparticles synthesized after 30 min reaction and having uni-
formly distributed mesopores played a significant role as an
electrode material for supercapacitor applications. In another
report, a sol-gel method assisted with ultrasonic irradiation was
utilized by Torres-Martinez et al. for the fabrication of ZnO
nanoparticles with high surface area and low particle size, which
were found to have a profound impact on the photocatalytic H,
production reaction without the use of any sacrificial agents.®”
A prolific attempt in this direction was made by Lee and co-
workers, wherein they synthesized hydrophilic superparamagnetic
Fe;0, nanoclusters via a one-pot solvothermal strategy.*® The
gram-scale synthesis of spherical Fe;O, nanoparticles having a
uniform size of 200 nm was carried out through the reduction of
FeCl; with ethylene glycol at 200 °C in the presence of sodium
acetate and trisodium citrate as the alkali source and stabilizing
agent, respectively. Recently, a thermal decomposition technique
was employed for the preparation of size- and shape-selective
Co;0, nanoparticles through the decomposition of [Co(acac),] or
[Co(NO3),] in different solvents (ethanol and water) and capping
agents (oleylamine or hexamethylenediamine), followed by calci-
nation in air.** The developed methodology led to the production
of spherical, cubic, octahedral and plate-like spinel nanoparticles
of Coz04 with a size in the range of 8 to 90 nm. The sol-gel
process, which converts molecular precursors into a polymeric
oxide network through hydrolysis and subsequent condensation
reaction, is a versatile methodology for the one-pot synthesis of
size- and shape-controlled porous nanostructures. In this context,
a method for the cost-effective and well-controlled sol-gel synth-
esis of thorn-like ZnO nanoparticles was reported by Aliev et al.*’
The synthetic methodology involved the mechanical stirring of
zinc acetate, NaOH and CTAB as the capping agent in bi-distilled
water, which after a few minutes of agitation turned milky,
indicating the generation of ZnO nanoparticles, and their anti-
microbial activity was further evaluated against Gram-positive,
Gram-negative bacteria and fungi. Along this line, a base-catalyzed
sol-gel methodology accompanied with solvent-driven self-
assembly process was employed for the fabrication of Mn;0,
and CuO nanoparticles.”* The employed synthesis route facilely
generated hexagonal, ribbon- or irregular-shaped Mn;O, nano-
particles having an average diameter of 100-200 nm using
different solvent systems such as water, water/ethanol and

1798 | Mater. Adv, 2023, 4,1795-1830

View Article Online

Materials Advances

water/toluene. On the contrary, the same sol-gel process produced
nanoporous thin sheets, nanoparticles, rods and ribbon-shaped
CuO nanostructures in different solvents. In another publication,
Joshi et al. delineated a photochemical process for the preparation
of ZnO nanoparticles having a size of around 12 nm in an
aqueous solvent mixture of alkaline alcohol-acetone under UV
light and devoid of any capping agent.*” Similarly, Mukasyan and
research group developed a template-assisted combustion route
for the fabrication of ultra-small a-Fe,O; nanoparticles (size below
5 nm) and narrow particle size distribution within a very short
reaction duration.*® In this protocol, SBA-15 was employed as the
template together with iron (Fe(NOj3);) and ammonium nitrate as
oxidizers and glycine as fuel.

Recent advancements in the synthesis of nanoparticles have
raised huge concern over chemical and physical methods given
that they are not only exorbitant and labour intensive but also
pose high risks to the environment due to the usage of toxic
chemicals. Accordingly, greener biogenic approaches for the
synthesis of nanoparticles have gained immense recognition in
the past few years owing to their cost-effectiveness and envir-
onmentally benign routes. Wide arrays of biological entities are
readily available such as extract from plants, plant products
and microorganisms such as fungi, yeast, and bacteria, which
are most commonly employed for the efficient production of
non-toxic nano-sized metal oxide nanoparticles. Significant
research has been conducted in this arena. A prolific attempt
in this direction was made by Kim and co-workers, wherein
they synthesized CuO nanoparticles from leaf extract of Psidium
guajava, functioning as a reducing agent and stabilizing
agent.** The employed protocol led to the production of sphe-
rical mono-dispersed nanoparticles with an average size in the
range of 2-6 nm, whose efficacy was further tested in the
photocatalytic degradation of Nile blue and reactive yellow
dyes. Another report highlighted an eco-friendly route, wherein
a biogenic source such as marine brown algae Sargassum wightii
was employed as a reducing agent for the preparation of
magnesium oxide nanoparticles.”> The synthesized crystalline
MgO NPs having an FCC structure and average size of 68.06 nm
demonstrated potent antibacterial and antifungal activity towards
pathogens together with good photodegradation efficacy towards
methylene blue. Along similar lines, Stella et al. judiciously utilized
immature fruit extract of Cocos nucifera as a reducing and stabiliz-
ing agent for the synthesis of three metal oxide nanoparticles,
namely, CuO, NiO and Fe,0;, whose catalytic efficiency was further
evaluated in the catalytic reduction of aromatic aldehydes using
ammonium formate as the hydrogen donor."® The catalytic studies
revealed the superiority of NiO nanoparticles given that they led to
the formation of the corresponding alcohols in excellent yields
under mild reaction conditions compared to the other synthesized
nanoparticles. A comparative analysis of all the synthetic
approaches is provided in Table 1.

Distinct morphologies of metal oxide architectures for tailoring
nanoscale physico-chemical features

In the past few years, rapid advancements in materials science
have enabled the development of novel structural and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparative analysis of synthetic approaches for the fabrication of metal oxides
Methodology Conditions Advantages Limitations Ref.
Sol-gel e Wet chemical method e Narrow particle size distribution e Requires costly precursors 47
e Use of Molecular precursor e Uniform nanostructures e Sometimes necessitates high
o Hydrolysis/alcoholysis temperature
Microwave o Metal salt/precursor e Rapid formation e Extreme conditions 48
e Microwave heating e High Repetition rate
e Ostwald ripening
Sono-chemical e Requires ultrasonic wave source e Very quick synthesis e Sometimes surfactants require 49
e Comparatively low temperature ~ 60 °C e Precise control over shape and size e Costly and toxic precursors
Hydrothermal e Use of autoclave e Uniform size and shape e High temperature and pressure 50
e High temperature and inorganic metal e Ease of tenability
salts
Microemulsion o Utilizes surfactants e Narrow size distribution e Use of harmful substances 51
e Room temperature e Regular shape and morphology
e Organic solvents or auxiliaries
Template assisted e Inorganic precursor e High reproducibility e Needs a template 52
e A template
o Self-assembly of template precursor e Controllable structure, size and e High temperature
e Condensation and removal of template =~ morphology
Bio-synthesis e Use of plant extracts e Environmentally benign synthesis e Longer time duration 53

e Varying temperature (100-250 °C)
Mechano-chemical
synthesis
temperature
e Use of laser beam in liquid
e Self-standing and remote control

Laser ablation

Arc discharge e Generation of NPs in both gas and liquid
medium
e Generation of arc between the electrodes

(dielectric medium)

Lithography o Preparation of colloidal crystal mask e Homogenous NPs
e Disposition of desired material through
mask
e Removal of mask

Sputtering e Bombardment of energetic particles on the e Versatile approach

target
e Atoms from target are driven off
e Deposition on a substrate

morphological metal oxide-based nanostructures with more
exposed reactive crystal planes. Metal oxide nanomaterials of
diverse shapes and dimensions have been reported to date
(Fig. 3).%°°°% For instance, metal oxide nanomaterials posses-
sing a spherical shape are categorized as 0D nanomaterials. 1D
nanomaterials are comprised of nanotubes, nanorods, nano-
wires and nanobelts, while nanosheets and nanofilms are
characterized as 2D nanomaterials. 3D nanomaterials includ-
ing core-shell and multi-nanolayers are advanced high-
performance architectures. It has been perceived that the
size and morphological features of these nanomaterials signifi-
cantly affect their physico-chemical properties. Diverse
crystal facets are accompanied with a difference in geometric
structure and electronic state, which ultimately play a vital role
in enhancing the catalytic performance of metal oxide
nanomaterials.®®®® Extensive studies by various research
groups demonstrated the critical role of anisotropic morphol-
ogy in determining the activity and selectivity of the catalysts at
the nanometer scale through the selective exposure of a large
fraction of reactive facets or active sites.®®”° Thus, it is antici-
pated that the idea of morphology/plane-dependent nanocata-
lysis can bridge the gap between surface science and materials

© 2023 The Author(s). Published by the Royal Society of Chemistry

o Pulverisation of precursors by ball milling e Simple operation
o Does not require organic solvents and high e Ease of scaling up

e Precisely controlled morphology

e Poor control over size and shape
e High purity is questionable 54
e Low crystallinity

e High purity e Expensive 55

e Ease of manipulation e Needs specific set up and
arrangements

e Higher generation rate e Requires special reactors and 56

other arrangements

e Tunable morphology
e Economical

e Multistep process 57
e Expensive

e Severe conditions 58

o NPs formed have same composition e Costly
as target source

science by rendering potential routes for tuning the rate of
reactions, extent of reactivity and formation of major products.
It is worth highlighting here that Pathak et al. fabricated CuO
nanostructures with different morphologies via the chemical
precipitation technique, wherein Cu”>* was effectively stabilized
after complexation with various organic acids including acetic
acid, citric acid and tartaric acid.”* CuO nanostructures possess-
ing various morphologies such as rod, spherical, star and
flower were facilely obtained through this route and further
successfully characterized using XRD, HRTEM, FTIR, DLS and
zeta potential measurements. The catalytic performance of the
resulting nanomaterials was investigated in the NaBH,-assisted
reduction of 4-nitrophenol. Among the various morphologies,
the star-shaped CuO exhibited the highest catalytic activity,
which was further ascribed to its high specific surface area,
positive surface charge and high indexed facet. Metal oxide
nanoparticles as support materials have also been found to
regulate the catalytic performance of the resulting nanocompo-
sites. The great relevance of morphology-modulated properties
stimulated Zhou and co-workers to synthesize Pd nanoparticle-
loaded {100}-faceted CeO, nanocubes, {111}-faceted CeO,
nanooctahedrons and [{100{111}]-faceted CeO, nanorods for

Mater. Adv,, 2023, 4,1795-1830 | 1799
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Fig. 3 Diverse morphologies of metal oxide nanomaterials: (a) Nanobelts. Reproduced with permission from ref. 59, Copyright 2007, the American
Chemical Society. (b) Nanospheres. Reproduced with permission from ref. 8, Copyright 2014, The Royal Society of Chemistry. (c) Nanoflowers.
Reproduced with permission from ref. 60, Copyright 2017, the American Chemical Society. (d) Nanorods. Reproduced with permission from ref. 61,
Copyright 2014, the American Chemical Society. (e) Snowflakes. Reproduced with permission from ref. 62, Copyright 2006, Elsevier, B.V. (f) Distorted
cubes. Reproduced with permission from ref. 63, Copyright 2015, Springer Nature. (g) Nanowires. Reproduced with permission from ref. 64, Copyright
2002, the American Chemical Society. (h) Nanohusks. Reproduced with permission from ref. 63, Copyright 2015, Springer Nature. (i) Nanotubes.

Reproduced with permission from ref. 65, Copyright 2013, The Royal Society of Chemistry.

HCHO oxidation to CO,.”> Besides exhibiting immense
potential in catalysis, these metal oxide nanoarchitectures
possessing varying morphologies have also demonstrated con-
siderable applicability in diverse fields. For instance, Boada
and co-workers recently reported the fabrication of superpara-
magnetic iron oxide nanoparticles in situ co-precipitated in
commercial cellulose sponge and further utilized them as an
adsorbent for As(m).”® Another research group explored the
photocatalytic efficiency of NiO nanobelts in the degradation of
organic pollutants such as rhodamine B (RhB), methyl orange
(MO), methylene blue (MB) and crystal violet (CV).”* The few
micrometer-long cubic crystalline NiO nanobelts possessing
bandgap of 4.07 eV resulted in good degradation of 79.1%,
82.75%, 76.7% and 89% of MO, MB, CV and RhB after 140 min
under a xenon lamp. Likewise, various morphologies of ZnO such as
nanorods, nanosheets and nanoparticles were coupled with polyani-
line (PANI) to yield ZnO/PANI nanocomposites whose potential was
further investigated towards NH; sensing at room temperature.”
The morphology exhibited a significant effect on the sensing
application and amongst them, the ZnO nanosheets with vapor-
phase polymerized aniline showed a good sensing performance,
high response, excellent selectivity and appreciable repeatability.

1800 | Mater. Adv., 2023, 4,1795-1830

Recent reports have highlighted that metal oxide nanowires
possessing good electrical properties, high dielectric constant
and wide bandgaps have emerged as appealing materials
towards sensing applications.”® It is worth mentioning here
that Pinna and research group demonstrated the gas-sensing
response of one-dimensional SnO,/NiO core-shell nanowires
towards hydrogen at various temperatures.”” The overall com-
posite was prepared through a two-step process, wherein single-
crystalline SnO, nanowires were first formed via the vapor-
liquid-solid deposition method, and thereafter decorated with
a polycrystalline NiO shell through atomic-layer deposition.
The high surface to volume ratio of the SnO, nanowires
together with the optimized and conformal NiO shell layer
resulted in a remarkable performance towards hydrogen sen-
sing. Xia et al. reported a hydrothermal method for the synth-
esis of 6-MnO, nanosheets, which exhibited an excellent
supercapacitor performance with high specific capacitance of
411 Fg ' atascan rate of 5mV s ' and 332.7 Fg ' ata current
density of 0.5 A g .7® The remarkable performance of the
developed 6-MnO, was attributed to its porous nanosheets
structure, which further enhanced the specific surface area,
increased the number of active sites and shortened the ion

© 2023 The Author(s). Published by the Royal Society of Chemistry
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diffusion distance in the 8-MnO, electrodes. In recent years,
metal oxide nanoparticles have become a popular choice for
developing antibacterial active materials owing to their unique
electronic configuration and physicochemical properties.”® In
this case, Sundrarajan M. and co-workers fabricated titanium
dioxide (TiO,) nanoparticles using Morinda citrifolia extract and
studied their inhibitory activities against human pathogens
including Staphylococcus aureus, Escherichia coli, Bacillus subtilis,
Pseudomonas aeruginosa, Candida albicans and Aspergillus niger.*
The results revealed that the TiO, nanoparticles demonstrated
good antimicrobial activity against a broad spectrum of Gram-
positive bacteria.

Surface modification of metal oxide nanostructures: way
towards smart design of advanced nanocatalytic systems

The synthesis of metal oxide nanostructure is often followed by
further surface modification to support the active metal spe-
cies, which can effectively enable recyclability, whilst retaining
the metal catalytic efficacy. However, some studies also report
the coating of the developed oxide nanomaterials to prevent
them from agglomeration using different polymers prior to
their functionalization, as shown in Fig. 4. Considering the
substantial benefits of coating agents, it is evident from our
literature survey that these agents not only prevent the aggrega-
tion of metal oxides but also impart active sites to a large extent
for further tethering with functionalizing moieties, which
actively participate in enhancing the catalytic efficacy of the
resultant nanostructured matrices.?' For instance, the syner-
gistic effect of sulfamic acid and amino-functionalized ferrite
nanoparticles in catalyzing the one-pot synthesis of a-amino
nitriles (up to 98%) was revealed by Kassaee et al®® The
reusability test showed that the catalyst could sustain its
efficacy for at least four runs. In another report, Chen and co-
workers investigated the catalytic potency of sulfonic acid-
functionalized Fe;0,@C magnetic nanoparticles with a size of
about 190 nm in the condensation of benzaldehyde and ethy-
lene glycol under ambient reaction conditions.®* Likewise,
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sulfonated-mercaptopropionic  acid-immobilized magnetic
nanoparticles (Fe;0,/SMPA) manifested stupendous catalytic
performance to yield 97% of 3,4-dihydropyrimidin-2(1H)-ones
in a solvent-free environment.® The optimization studies
revealed that both the Lewis acidity (SO;H) and Bronsted
acidity (Fe*") of Fe;0,/SMPA effectively contributed to facilitat-
ing the formation of the desired product. Recently, Awasthi
et al. outlined the fabrication of magnetically retrievable amine-
functionalized silica-coated ferrite nanoparticles (NH,@SiO,@
Fe;0, NPs) and their catalytic efficacy in the multicomponent
synthesis of bioactive 2-amino-4H-benzo[b]pyrans in good to
excellent yields.®

To make nano-oxides suitable candidates for catalytic appli-
cations, modification through certain specific functional
groups can be achieved by physical or covalent tethering of
existing homogeneous active sites on diverse solid support
nanostructured matrices such as ferrite, nano-silica, and
alumina.®®*??

The physical modification strategy involves two ways, where
one is the inclusion of a modifier in the pores of a solid support
matrix and the other is the electrostatic interaction between
them. However, surfactant molecules or macromolecules are
mainly incorporated in metal oxide nanostructures by electro-
static interactions.”® For example, Zhu and group developed a
nanofiller for polylactide matrices by modifying the surface of
silica with oleic acid.* Alternatively, a poly(-lactic acid)/TiO,
nanocomposite film was fabricated by incorporating carboxylic
acid and long-chain alkyl amine-modified TiO, nanoparticles
in a poly(i-lactic acid) matrix by Nakayama et al.>® Besides, the
concept of physical adsorption of metal nanoparticles on the
surface of metal oxides was illustrated in the work presented by
Saire-Saire et al.,, which demonstrated the fabrication of a
nanoengineered material composed of gold nanoparticles
decorated on the surface of magnetic cobalt ferrite
(Scheme 1).°® Their study revealed that the developed nanoca-
talyst exhibited an excellent performance not only in the
reduction of 4-nitrophenol but also in the selective oxidation
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of dimethylphenylsilane to dimethylphenylsilanol. To date,
several reports have been published involving hybrid catalyst
preparation using a similar synthetic route. Although this
strategy is an important advancement, it is not considered to
be suitable from an industrial perspective due to the associated
metal leaching problem given that the anchoring of the
active species on the oxide support is based on weak physical
forces. This serious metal contamination issue prompted the
scientific community to direct their effort towards alternative
approaches, i.e., covalent modification of metal oxide surfaces,
which can effectively prevent leaching as a result of the much
stronger interactions between the modifiers and support
matrix.”” In this context, there are reports in the literature on
the utilization of different modifying agents and grafting poly-
mers to chemically modify the surface of diverse metal oxide
nanostructures. Some of the reported modifiers include silane
coupling agents, phosphonates, carboxylates, catechols,
alkenes/alkynes, and amines.”® However, the functionalizing
agents most often used for the surface modification of metal

1802 | Mater. Adv., 2023, 4,1795-1830

oxides are silanes and phosphonates, prompting us to provide a
detailed discussion on these modifiers (Table 2).

Silane coupling agents

The most common functionalizing entities preferentially cho-
sen by several researchers working in this area are silane
coupling agents, which are endowed with hydrolyzable and
organo-functional end groups, further allowing the surface
immobilization of the desired molecules."*>'>* One of the main
advantages of silanes is that they can bear numerous function-
alities, for example, amino, cyano, carboxylic acid, and epoxy
groups. This method is applicable to numerous metal oxides
such as SiO,, Al,Os, TiO,, SnO,, Zr0,, and V,0s.'%° The general
representation of these linkers is RSiX;, where X is any organo-
functional end group including chloro, ethoxy or methoxy
groups, which react with the hydroxyl groups of oxide nano-
structures, and R is an alkyl chain having a variety of function-
alities and is chosen to meet the requirements of the polymer
(Fig. 5a)."® Several research groups reported functionalization

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Modifiers frequently employed for the surface functionalization of metal oxide nanostructures

S. no Name of modifiers Abbrev. Structure Ref.
Silane Coupling Agents

1. 3-Methacryloxypropyltrimethoxysilane MPS CH,—C(CH3) 99-101

COO(CH,);Si(OCH,);

2 Triethoxyvinylsilane TVS CH,—CHSi(OCH,CH3)3 102-106

3 Tris(2-methoxyethoxy)(vinyl)silane TMEVS CH,—CHSi(OCH,CH,0CH3); 107 and 108

4. 3-Aminopropyltrimethoxysilane APTMS NH,(CH,);Si(OCH3)3 109

5. 3-Aminopropyltriethoxysilane APTES NH,(CH,);Si(OCH,CH3); 110

6 3-Mercaptopropyltrimethoxysilane MPTMS HS(CH,);Si(OCH3); 101

7 Hexadecyltrimethoxysilane HDTMS CH;(CH,);5Si(OCHz); 101

8 Bis[3-(triethoxysilyl)propyl|tetrasulfide BTESPT (CH3CH,0);Si(CH,)3(S)4(CH,)3Si (OCH,CH3); 108
Phosphonates

9. Aminotris(methylene phosphonic acid) ATMP N(CH,PO;H,); 111

10.  Bis(hexamethylene-triamine)-penta(methylene phosphonic acid) BHMTPMPA H,PO3;CH,-N-[(CH;)s-N(CH,PO3H,),], 111

11.  Phenyl phosphonic acid PPA CeH5-PO3H, 112

12.  Ethylenediamine tetrakis(methylene phosphonic acid) EDTMP (CH,),[N(CHPO3H,),] 113

13.  1-Hydroxyethane-1,1-diphosphonic acid HEDP OHCH;C-(PO3H,), 113

14.  Benzene-1,3,5-triphosphonic acid BTP CeH3(PO3H,); 114

15.  3,5-Diphosphonobenzoic acid BDP HOOC-CH;3-(PO3H,), 115

16.  5-Phosphonoisophthalic acid CeH3(COOH),(PO3H,) 115

17. 1,4-Phenylenediphosphonic acid BDPA CeH4(PO3H,), 116

18.  Phosphorous acid H;PO; 117
Carboxylates

19.  Lauric acid LAU CH;—~(CH,);0COOH 118

20. Succinic acid SA HOOC-CH,-CH,-COOH 119

21.  Stearic acid SA CH;—-(CH,);6~COOH 120

22.  Photopolymerisable 10-undecynylphosphonic acid 10UCYPA H,PO;-(CH,)o-C—CH 121

23. Citric acid CA HOC(CH,-COOH), 122

using different silylating agents as a facile route to construct Carboxylates

hybrid nano design catalytic systems.

Phosphonates

Surface modification of a distinct metal oxide nanostructures
by phosphonate groups from either by P-OH, P-OR (R1/4 alkyl)
or P-O™ -containing precursors leads to the formation of M-O-P
bonds. For example, if phosphonic acid is used as the precursor
for the surface modification of TiO, nanoparticles, then it will
form Ti-O-P covalent bonds.">*'*” Alternatively, the functiona-
lization of titania through silane coupling agents will create Ti-
O-Si bonds, which are very unstable toward hydrolysis. Another
important difference from silanes is that phosphonates only
undergo reactions with surface OH groups without undergoing
homocondensation, and hence P-O-P bonds will not form.
Various metal oxides nanostructures can easily be functiona-
lized with phosphonates, which include alumina, stannia,
zirconia, and magnetite, and also easily functionalized with
phosphonate groups.’?***° The different modes of anchoring
of a phosphonate group on a metal oxide surface, i.e., mono-,
bi-, and tridentate, are well illustrated in Fig. 5b. A recent
investigation of the binding of (11-hydroxyundecyl)phosphonic
acid or (12-carboxydodecyl)phosphonic acid on an SnO, surface
by solid-state *'P NMR showed the bi- and tridentate attach-
ment of the phosphonate ligands."®" Besides, multidentate
attachment is another stabilizing factor for modified nano-
particles.””” In the case of the bifunctional (11-hydroxy-
undecyl)phosphonic acid, it is interesting to note that the
phosphonate group and not the carboxylate group was bonded
to the stannia surface.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Carboxylate ligands, in particular fatty acids, have also been
utilized for the surface modification of metal oxide nanostruc-
tures (Fig. 5¢). For instance, Zhang et al. employed all-trans-
retinoic acid as a carboxylate modifier for the surface modifica-
tion of titania nanoparticles with various controlled sizes.'*?
This study unveiled the size-dependent surface binding forms,
indicating that adsorption decreases with a decrease in the size
of the developed nanoparticle, while the percentage of chemi-
sorption forms increases. Recently, Jia and co-workers designed
chemoselective catalysts by modifying the surface of manga-
nese oxide nanoparticles with carboxylate materials to tune
their ammoxidation selectivity during the reaction of
hydroxyaldehyde."** The results of their study showed that
the developed catalyst enhanced the selectivity for hydroxyni-
trile from 0 to 92%. Further, it was also reported that the
product distribution of dinitrile and hydroxynitrile could be
altered by simply varying the amount of carboxylate modifier.

Nature of active sites of metal oxide-based catalysts

Metal oxide nanostructures invariably find applications in
nanocatalysis owing to their array of fascinating properties
and tunable structure, boosting numerous chemical
conversions.'® The surface of metal oxides is generally termi-
nated by oxide O®~ because of its larger size compared to M"*
cations, eventually leading to the loss of symmetry and coordi-
nation of M™* cations at the surface.'*>**¢ Overall, the surface
of metal oxides possesses oxide ions, coordinatively unsatu-
rated cations (M) as Lewis acid sites and cations terminated
by -OH groups, which act as Brensted acid sites (Scheme 2).
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Scheme 2 Surface of metal oxides with Breonsted acid and Lewis acid
sites.

Besides, at the nanoscale level, the surface of metal oxides
may have different defect sites such as corners, edges and
other crystalline discontinuities, which also play key role in
expediting the catalytic performance in particular organic
transformations.

For instance, Pandian Manjunathan et al. utilized tin oxide
with Brensted acidic -OH sites and Lewis acidic Sn*" sites
(Scheme 3) in ring-opening reactions.”” Further, it was estab-
lished that the developed catalyst showed an excellent perfor-
mance with high activity and selectivity for different epoxides
with alcohols and amines. Besides, studies with 2,6-lutidine
were conducted to identify the active sites, which revealed that
both the Lewis and Breonsted acid sites accelerate the reaction
but the major input is from the Brensted sites. Similarly, Liu
et al. reported the preparation of a CoFe,O,@hollow@meso-
porous TiO, catalyst for the selective oxidation of styrene.™*® It
was observed that styrene oxide and benzoic acid were selec-
tively obtained upon the use of oxygen and hydrogen peroxide
as the oxidant, respectively.

Indeed, it is evident from the literature that surface-
engineered metal oxide nanocomposites having Brgnsted acid

1804 | Mater. Adv,, 2023, 4,1795-1830
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Scheme 3 Alcoholysis and aminolysis of epoxides using tin oxide as the
catalyst.

(proton donating) and Lewis acid (electron withdrawing) sites
are nowadays more often employed in industrial catalysis. In
this context, Mirfakhraei and co-workers demonstrated the
facile synthesis of sulfonated-polyethylene glycol-coated Fe;O,
(Fe;04/PEG-SO;H), followed by its utilization as an effective

© 2023 The Author(s). Published by the Royal Society of Chemistry
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nanocatalyst for the selective oxidation of sulfides to sulfoxides
or sulfones using hydrogen peroxide as a green oxidant
(Scheme 4)."*°

Ghorbani-Choghamarani et al. fabricated Lewis acid nano-
catalytic materials by immobilizing Ni, Co, Cr, Zn or Cd
complexes on Fe;0, magnetic nanoparticles for the oxidation
of sulfides and oxidative coupling of thiols (Scheme 5)."*° The
developed nanostructured catalytic system successfully
afforded a wide range of aromatic and aliphatic sulfides and
thiols with diverse functional groups.

These nanoengineered metal oxide materials represent
model well-defined catalysts for fundamental studies and
investigation of the structure-activity relationship in oxidation
reactions.”*! This can be attributed to the following facts:
(1) the total number of active centres can be controlled during
the development of these catalytic systems, (2) the determination of
the number of exposed catalytic active sites allows quantitative
calculation of the turnover frequencies for oxidation studies,
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(3) the influence of different metal oxide supports and distinct
ligands on the reaction kinetics can be examined and (4) the
molecular and electronic structures of surface-modified metal
oxides can be studied in detail under all environmental condi-
tions with the help of several physico-chemical characterization
techniques. Subsequently, this information is very fruitful in
the establishment of structure-activity relationships, which
further facilitate the judicious design of advanced nanostruc-
tured catalytic architectures. In this context, a study by Kouotou
and group revealed the synthesis of a series of cobalt ferrite
thin films, which were then comprehensively characterized to
gain insight into their structure, surface and morphological
properties.'** It was further observed that Fe substitution by Co
in the mixed oxide systems strongly influenced their catalytic
performance towards CO oxidation. Besides, the catalytic activ-
ity of the Co-Fe oxides with bare a-Fe,O; was also compared,
which proved that Co-Fe oxides are better catalytic systems
than the latter.

Improvising catalytic conversions utilizing nanoscale-
engineered metal oxide-based materials

Oxidation of alcohols. The oxidation of alcohols to carbonyl
compounds represents one of the central transformations
in synthetic organic chemistry given that it generates countless
moieties, which are a core skeleton in a variety of
drugs, vitamins, polymers, fine chemicals, etc.'*® Owing to
their pivotal significance in industrial settings, numerous
stoichiometric oxidants have been widely investigated for carry-
ing out oxidation, but they generate huge quantities of toxic
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While shedding light on the processes involving
oxidation, catalytic selective oxidation using hydrogen peroxide
(H,0,) as the oxidant has emerged as a forerunner in the area
of catalysis owing to the unmatched benefits offered by H,O,
such as availability in great abundance, economic viability
and tendency to generate only water as the by-product. Thus,
the research fraternity has devoted significant efforts to devel-
oping catalytic processes that incorporate environmentally
benign oxidants in conjunction with metal oxide-based nano-
catalysts. Significant work has been carried out in this direction
by various research groups.'*’

For instance, Cavaleiro et al. reported the fabrication of silica
NP-supported iron(m)-containing polyoxometalates (POMs), ie.,
Keggin-type o-[PWy;Fe™(H,0)050]'" and sandwich-type tungsto-
phosphate B-o-[(PW4034),Fe™,(H,0),]°" through the alkaline
hydrolysis of TEOS using a reverse micelle and sol-gel approach
involving Triton X-100 as the surfactant, 1-octanol as the co-
surfactant and cyclohexane as the organic phase.'*® The catalytic
activity of the synthesized nanocomposites was investigated in the
epoxidation of geraniol using H,O, as the oxidizing agent. The
experimental studies revealed the preferential epoxidation of
geraniol at the 2,3-position to produce 2,3-epoxygeraniol in major
amounts together with the formation of minor products such as
6,7-epoxide and diepoxide. Between the two fabricated nanoma-
terials, the o[PW;,Fe™(H,0)035]'" demonstrated high geraniol
conversion (96%) and good regioselectivity (88-91%) towards 2,3-
epoxygeraniol after 3 h of reaction in comparison to the B-o-
[(PWo034),Fe™,(H,0),]°", which exhibited 81% conversion even
after 5 h.

In continuation of work focused on the development of
immobilized catalysts for oxidation reactions, Karimi and co-
workers delineated the synthesis of tungstate ions immobilized
on periodic mesoporous organosilica (PMO) with an imidazo-
lium ionic liquid framework (WO, @PMO-IL) as an effective
catalytic system for the H,0,-mediated selective oxidation of
alcohols."® To accomplish the desired goal, the catalyst was
fabricated via step-by-step assembly, wherein the first step
involved the preparation of the ionic liquid BTMSPI precursor
by the addition of CPTMS to a suspension of sodium imidazo-
lide and refluxing until a biphasic mixture of toluene and ionic
liquid was obtained, and the former was removed to yield pure
BTMSPI. The next step involved the hydrolysis and co-
condensation of ionic liquid-based imidazolium cations
(BTMSPI) and tetramethoxyorthosilicate (TMOS) in Pluronic
P123 under acidic conditions in dry methanol with hydrother-
mal treatment at 100 °C for 72 h to generate PMO-IL. The final
step involved the successive functionalization of PMO-IL by the
replacement of the chloride ions with tungstate ions via a facile
ion exchange approach. The resulting material was successfully
utilized for the transformation of primary aromatic or aliphatic
alcohols to aldehydes and secondary aromatic or aliphatic
alcohols to ketones (Table 3). However, despite the fact that
secondary aliphatic alcohols exhibit lower reactivity, even open
chain and cyclic aliphatic substrates were converted into
ketones with good yields under the optimized reaction condi-
tions. Further, the catalyst was easily recovered from the
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Table 3 WO, @PMO-IL-catalysed oxidation of alcohols

HO WO, @PMO-IL o
1.5 mol%
o >
CH;CN:H,0 (1:1), 1.5 mL
Ry R, 90 %, H,0, (5 eqv) R, R
Ent Acohol Time (h) Conversion (%) Selectivity (%
ry

OH
1. 12 75

100
OH
2. 7.5 76 100
MeO
OH
3. 11 82 100
a

reaction media and reused for six consecutive runs without
showing any significant decrease in catalytic activity and
selectivity.

Recently, Pineda et al. synthesized metal nanoparticles (Cu,
W, Mo and Nb) supported on a silica matrix through a one-pot
microwave-aided approach, which were denoted as M-MINT
(M = metal supported and MINT = microwave-induced nanotubes),
and subsequently utilized in the H,0,-assisted wet chemical oxida-
tion of isoeugenol to vanillin."*® The size of the metal nanoparticles
was found to be in the range of 2 to 52 nm and the overall material
revealed a high surface area together with a pore size in the
mesopore range. Catalytic studies were performed in a parallel
reaction station Carrousel Reaction Station TM using acetonitrile as
the solvent for 6 h at 80 °C. Amongst the various metal nano-
particles supported on silica, Cu-MINT demonstrated superior
selectivity (88%) towards vanillin formation with isoeugenol con-
version of 58 mol%.

Another publication reported the synthesis of iron oxide
nanoparticles supported on two different aluminosilicates,
namely, AI-MCM-41 and Al-SBA-15, via the microwave-assisted
route.”" The catalytic performance of the resulting composites
was evaluated in the H,0,-mediated aqueous selective oxida-
tion of alcohols to the corresponding carbonyl motifs under
both conventional and microwave heating. Quite astonishingly,
the use of Fe/Al-SBA-15 resulted in slightly superior conversion
towards the targeted products in comparison to Fe/Al-MCM-41,
which was further attributed to the difference in the acidity or
the difference in interactions between Fe and Al in both
materials. Using Fe/Al-SBA-15 as the catalytic entity, the proto-
col was further explored for a range of aromatic and cyclic
alcohols, furnishing the desired products in good to excellent
yields. Besides, the magnetic characteristics arising due to the
presence of iron oxide nanoparticles in the catalyst facilitated
its easy removal from the reaction media via an external

© 2023 The Author(s). Published by the Royal Society of Chemistry
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magnet, which was reused for multiple cycles and maintained
90% of its initial activity even after five cycles.

Nanostructured spinel oxide materials have gained signifi-
cant attention not only in the field of materials science but also
as heterogeneous catalysts because of their intriguing magnetic
and optical properties.">>**® It is worth mentioning here that
Vijaya and co-workers synthesized a CoAl,0, normal spinel
structure in which Co®" is accommodated in the tetrahedral
sites, while AI** occupies the octahedral positions.">” For
comparative analysis, CoAl,0, nanoparticles were prepared
using both conventional hydrothermal treatment and
microwave-assisted technique utilizing Sesamum (S. indicum L.)
plant extract as the reducing and stabilizing agent. Spectro-
scopic and microscopic techniques revealed that CoAl,O,
synthesized through the microwave technique had a large
surface area and fine crystallites with a narrow size distribu-
tion, ultimately paving the way towards improved catalytic
performance in the selective oxidation of benzyl alcohol to
benzaldehyde (up to 94% yield) using H,0O, as the oxidizing
agent. The catalytic studies divulged the selective formation of
benzaldehyde from benzyl alcohol when acetonitrile was
employed as the solvent together with H,0,. The authors
proposed a plausible mechanism for this observation, wherein
acetonitrile activates H,O, by forming a perhydroxyl anion
(OOH"), and it nucleophilically attacks nitrile to form a peroxy-
carboximidic acid intermediate, which is an O, transfer agent.
The introduction of O, produces coordinated perhydroxyl
anion (Co-OOH¥) species, which confirms the interaction of
the phenyl ring and OH groups of benzyl alcohol with the Co
metal of CoAl,0,. The subsequent regeneration of the active
sites through the action of the oxidant with the catalyst leads to
the desorption of the product molecule.

In fact, nowadays, the interesting feature of ferrite has
transformed the creative outlook of researchers and motivated
them towards crafting magnetically responsive catalysts. Work-
ing in this direction, Beller reported the use of unsupported or
free nano-y-Fe,0O; as an efficient and recyclable catalyst for the
selective oxidation of alcohols and olefins to the corresponding
carbonyl compounds in the presence of H,O, as the oxidant of
choice.®® High selectivity together with good conversion of the
desired products was obtained with these nano-sized iron oxide
particles with a size in the range of 20-50 nm. Furthermore, the
presence of a thin carbon layer on the iron oxide nanoparticles
resulted in the high stability of the catalyst during the course of
the organic transformations. Likewise, another research group
reported the synthesis of magnetic Fe;O, nanoparticles using a
co-precipitation method as a catalytic material for the oxidation
of primary and secondary benzylic alcohols and aliphatic
alcohols to corresponding carbonyl compounds.'® The reac-
tion was carried out using Fe;O, as the catalytic entity in a
greener solvent-water using H,O, as the oxidant at 50 °C for a
specific period to produce the desired products in good
to excellent yields. Continuing on the path of utilizing the
benefits of the magnetic field-assisted catalyst separation strat-
egy via the incorporation of magnetic nanoparticles (MNPs) as
the core component, Bhat and co-workers prepared a nickel

© 2023 The Author(s). Published by the Royal Society of Chemistry
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hydroxide-coated Fe;O, nanocatalyst for the selective liquid-
phase-assisted oxidation of alcohols utilizing H,0, as the
oxidant.’®® The microscopy studies revealed that Fe;O,@AP-
TES@Ni(OH), is a combination of spherical and rod-shaped
nanoparticles having a smooth surface with a crystallite size of
around 40 nm and 130 nm, respectively. The synthesized
nanocatalyst exhibited a remarkable catalytic performance in
the oxidation of alcohols, i.e., conversion rate of up to 98% in
the case of phenylethanol. This enhanced catalytic efficacy was
further attributed to the large surface area of the nanoparticles,
which delivered abundant coordination sites and surface
vacancies during the course of the transformation. Further,
the adsorbed nickel hydroxide acted as a Bronsted base and
worked synergistically with the Lewis acidic (Fe) center of the
nanocatalyst, thereby promoting the quick deprotonation of the
alcohols to yield the corresponding carbonyls in good yields.

With the aim to design a magnetically retrievable nanocata-
lyst, the same research group fabricated a nickel hydroxide-
functionalized spinel AFe,O, (A = Mn and Ni) nanocatalyst for
the oxidation of aromatic alcohols to carbonyl motifs in the
presence of H,0, as the oxidizing agent.'®" The motive to
devote attention towards soft ferromagnetic spinel ferrites is
associated with their inherent features including high disper-
sion, low toxicity, excellent stability, and low oxidation
potential values. For accomplishing the desired goal, firstly,
MnFe,0, and NiFe,0, nanoparticles were synthesized via the
co-precipitation method, and further functionalized with
APTES in toluene with continuous stirring at 80 °C for 6 h to
form aminosilane-modified magnetic nanoparticles. Subse-
quently, the prepared aminosilane-modified magnetic nano-
particles were stirred with NiCl, under basic conditions at r.t.
for 24 h to produce nickel hydroxide-functionalized MnFe,O,
(10-20 nm) and NiFe,0, (20-60 nm) nanoparticles. Between the
two fabricated nanomaterials, the superior rate of alcohol
conversion was observed in the case of nickel hydroxide-
functionalized NiFe,O, nanoparticles. The substrate scope of
the developed nanocatalysts was explored for a diverse range of
aromatic and aliphatic alcohols under the optimized reaction
conditions. Furthermore, the recycling studies divulged that
the nanomagnetic catalysts could be efficiently reused for five
consecutive runs without showing any significant loss in their
catalytic activity.

Pourjavadi and research group fabricated a magnetically
retrievable catalyst, wherein Fe;O, nanoparticles were
entrapped in a tungstate-functionalized multi-layered cross-
linked poly(ionic liquid) matrix.’®®> The catalyst was fabricated
in a stepwise manner, wherein the synthesis of Fe;O, nano-
particles via the co-precipitation method represents the first
step towards achieving the desired goal. Subsequently, the
resulting magnetic Fe;O, nanoparticles were coated with silica
and surface-modified using 3-(trimethoxysilyl)propylmethacry-
late (MPS) to generate MNP@MPS. Then, MNP@MPS was
covalently attached on the highly cross-linked poly(ionic liquid)
possessing tungstate ions through the free radical initiation
polymerization of the ionic liquid monomer to form the desired
MNP@PILW. The catalytic potential of the resulting material
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was evaluated in the oxidation of a broad array of organic
substrates ranging from alcohols and olefins to sulfides in the
presence of H,0, as the oxidizing agent. Furthermore, the high
stability and durability of the catalyst was also evident from the
recycling studies, which showed reusability up to ten cycles
without any significant deterioration in catalytic efficacy.

Another research group led by Zamani et al. delineated the
preparation of Cr(m)-containing Fe;O,/polyacrylonitrile-
ethylenediamine nanocomposite as an effective catalyst for
the selective oxidation of aromatic and aliphatic alcohols using
H,O0, as the oxidant under mild reaction conditions.*®® The
catalyst was fabricated through a series of steps, wherein the
synthesis of polyacrylonitrile (PAN)-coated Fe;O, nanoparticles
through in situ polymerization using benzoyl peroxide as the
initiator was the key step. The prime idea behind the use of iron
oxide as the core material was in view of its phenomenal
capability to undergo ready separation from the reaction mix-
ture using only an external magnet. The next step involved the
functionalization of Fe;0,-PAN with ethylenediamine, onto
which chromium was finally immobilized by stirring under
an inert atmosphere at room temperature. The synthesized
catalyst led to the generation of a library of corresponding
aldehyde moieties in high yields together with good selectivity
within a short reaction time.

Similarly, another report by Maleki et al. highlighted the use
of a hybrid chromium(vi) magnetic nanocomposite, ie.,
Fe;0,@Si0,@PPh;@Cr,0,°", for the oxidation of benzyl alco-
hol to benzaldehyde, cyclohexanol to cyclohexanone and epox-
idation of cyclohexene using H,0, under ultrasonic conditions
at room temperature.*®*

Chattopadhyay and co-workers synthesized and character-
ized water-soluble Fe(m) and Mn(m) Schiff base complexes
immobilized on dopamine-functionalized Fe;O, nanoparticles
possessing a CTAB micelle structure, ie., CTAB/Fe;0,@
dopa@ML (M = Fe or Mn, L = cyclohexane-1,2-diylbis
(azanylylidene)bis(methanylylidene)bis(2,4-diXphenol, ~where
X = Cl, Br, and I) (Scheme 6).'® The synthesized nanomaterials
served as efficient catalysts for the oxidation of a diverse range
of alcohols using H,O, as a green oxidant at room temperature.
Density functional theory and spectroscopic studies revealed
the crucial role of the generated hydroperoxo intermediates in
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the reaction. Besides, the magnetic characteristics of the
synthesized nanocatalyst permitted its facile removal from
the reaction media via an external magnet and it could be
reused for five successive runs.

In recent years, owing to their unique catalytic properties,
supported gold nanomaterials have been widely explored for
executing a broad array of organic transformations. In this case,
Cao et al. investigated the catalytic potential of supported Au
nanomaterials such as Au/C, Au/Fe,O;, Au/Al,O;, Au/TiO,
(World Gold Council), Au/CeO, and Au/TiO, (Mintek) for the
oxidation of various activated and non-activated alcohols using
H,0, as the oxidizing agent.'®® Amongst the aforementioned
catalysts, the H,0,-Au/TiO, system demonstrated the highest
conversion rate of 99% for 1-phenylethanol in aqueous media
at 90 °C. The scope of the H,0,-Au/TiO, system was also
scrutinized for structurally diverse alcohols, which revealed
that primary alcohols were oxidized to the corresponding
carboxylic acids, while secondary alcohols to ketones. It is
worthy to note that the H,0,-Au/TiO, system was also capable
of oxidizing even primary aliphatic alcohols, which are consid-
ered to be the most inactive alcohol species in the absence of a
base. Another remarkable aspect of this report was the hetero-
gram-scale clean oxidation of alcohols to the corresponding
carboxylic acids. The authors further highlighted the role of
H,0, as the hydrogen scavenger, wherein H,0, abstracts the
a-hydrogen of the substrate to generate an Au-alcoholate
complex, which is further attacked by another molecule of
H,0, to produce Au-hydroperoxide, ultimately forming the
desired carbonyl products through the B-elimination pathway.
Another publication by Jain and co-workers reported the use of
nano zinc oxide particles as catalysts for the oxidation of
aromatic alcohols to carbonyl motifs using H,O, as an envir-
onmentally benign oxidant and dimethyl carbonate as the
reaction medium.'®” ZnO, nanocrystals with a size ranging
from 50-150 nm were synthesized via a facile hydrothermal
route. The synthesized nanocatalyst successfully afforded a
broad range of carbonyl compounds through the oxidation of
alcohols in excellent yields. Furthermore, the spent zinc oxide
(znO) was readily recovered from reaction media through
filtration and treated with aq. H,O, at 150 °C to yield ZnO,,
which was used for further recycling studies. Jérome et al.

Fe;0, Fe;0,@dopa Fe;0,@dopa@ML Fe;0,@dopa@ML@CTAB
Br7
AI\MMIVO = N+\

Scheme 6 Schematic representation of the synthesis of bilayer CTAB/FesO @dopa@Fel (CHCAT-1) and CTAB/FesO4@dopa@MnL (CHCAT-2).

1808 | Mater. Adv,, 2023, 4,1795-1830

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00977c

Open Access Article. Published on 27 februarie 2023. Downloaded on 19.09.2025 21:16:57.

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

(cc)

Materials Advances

reported the fabrication of CuO nanoleaves through an uncon-
ventional sonochemical route, and subsequently evaluated
their catalytic efficacy in the base-free aq. oxidation of glycerol
to dicarboxylic acids.’®® This protocol was surfactant and
template free, involved an in situ pseudo-calcination step, and
also credibly reduced the reaction time (synthesis time of
5 min). It is worth mentioning here that copper was chosen
as the active metal of choice due to its abundance, low cost, low
toxicity and exceptional performance. The microscopy analysis
revealed that the CuO nanoleaves were comprised of numerous
small particles, whose assembly resulted in the formation of
the overall leaf-like morphology (Fig. 6). Further, using H,O, as
the oxidant of choice, glycerol selectively produced oxalic acid
(56%) and tartronic acid (22%) in an overall yield of 78%.
Besides, the DFT studies highlighted the synergistic role of CuO
and H,0, in achieving this high conversion rate, and also in
maintaining the high stability of the catalyst.

Continuing the trend of developing supported catalysts for
the oxidation of alcohols, Naeimi and his competent team of
researchers came up with the idea of designing an MoOj;/
copper Schiff base complex for the green oxidation of
alcohols."® For the fabrication of the desired catalyst, MoO;
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Fig. 6 (a) Low- and (b) high-magnification SEM images of CuO nano-
leaves synthesized by low-frequency ultrasound and (c) SEM images of
CuO nanoleaves synthesized by the conventional method. (d) Low-
magnification TEM image, (e) high-magnification TEM image, and (f) SAED
pattern of CuO nanoleaves. Reproduced with permission from ref. 168.
Copyright 2018, The Royal Society of Chemistry.
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nanoparticles were first synthesized using Seshania sesban
plant extract. Simultaneously, the Schiff base ligand was pre-
pared through the condensation of vanillin with 9-
aminoacridine and its complexation with copper generated a
copper Schiff base complex, which was eventually mixed with
the MoO; nanoparticles via ultrasonication to form the antici-
pated nanocomposite. The developed nanocatalyst successfully
converted diverse alcohol substrates to the corresponding
aldehydes or ketones with a high conversion rate and good
selectivity. The same research group prepared a manganese
oxide nanoparticle-supported copper complex nanocomposite
(Mn3;04/CuL) via the sonochemical route and evaluated its
catalytic potential in the oxidation of a broad array of primary
and secondary alcohols using H,0O, as the oxidant under
solvent-free conditions."”°

Recently, Amini and co-workers reported the use of ultra-
small iron oxide hydroxide (FeOOH) having a size of <10 nm as
the catalyst for the H,0, assisted oxidation of a series of
alcohols, sulfides and alkenes.'”*

The selective oxidation of vanillyl alcohol to vanillin is a key
transformation for the production of a wide array of pharma-
ceuticals. Accordingly, Valange et al. prepared spinel Co;O,
nanoparticles via a controlled homogeneous co-precipitation
approach, and further explored their potential in catalyzing
the oxidation of vanillyl alcohol to vanillin using H,O, as
the oxidant and water as the reaction medium under
ultrasonication."”” In an attempt to study the influence of the
reaction parameters on the concerned oxidation reaction, it was
also performed under conventional heating conditions. The
experimental results demonstrated the high efficiency of ultra-
sonication in comparison to traditional heating conditions
(15 min in comparison to 60 min), conversion (38% vs. 32%)
and selectivity (50% vs. 22%). The aforementioned results were
further ascribed to the in situ generated chemical effects under
ultrasonic conditions, ie., the formation of hydroxyl radicals
together with the enhanced mass transfer phenomenon
between the Co;0, catalyst and the organic substrate. Similarly,
Hamid and research group fabricated a mesoporous, highly
crystalline Cu-Ti composite as a heterogeneous catalyst for the
liquid-phase oxidation of vanillyl alcohol.’”® This composite
was synthesized through a modified solution method-based
approach, wherein copper acetate, titanium(iv) isopropoxide
and trifluoroacetic acid were first mixed in methanol for 4 h.
In the next step, the solvent was extracted by applying pressure
under vacuum and the obtained solid was ground and calcined
in air at 500 °C for 6 h to yield the desired composite catalyst.
The synthesized catalyst exhibited a conversion rate of 66%
together with 71% selectivity towards vanillin formation from
vanillyl alcohol, which was further attributed to the synergistic
effect between Cu and Ti of the Cu;TiO,-TiO, mixed metal
oxide catalyst.

Rabbani and co-workers synthesized a magnetically recycl-
able TCPP/Zn-Fe,0,@Zn0O catalyst for the H,O,-mediated
oxidation of primary and secondary alcohols.'”* To synthesize
the desired catalyst, Zn-Fe,O, nanoparticles were first
prepared through the hydrothermal route. In the next step,
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Scheme 7 Schematic representation of the oxidation product distribu-
tion of 1,2-benzenedimethanol by WOz/SnO,.

Zn-Fe,0,@ZnO was synthesized by dispersing the as-
synthesized Zn-Fe,0, nanoparticles in water together with
zinc acetate and ammonia, and finally stirring at 120 °C for
3 h. In the final step, 5,10,15,20-meso-tetrakis(4-carboxyphenyl)
porphyrin was immobilized on Zn-Fe,O,@ZnO via the co-
precipitation approach. The resulting catalyst demonstrated
high activity and selectivity (up to 100%) in the concerned
oxidation reaction. Besides, the catalyst was magnetic in nature
and could be facilely recovered from the reaction medium and
reused for four consecutive runs without showing any appreci-
able loss in its catalytic performance.

The selective oxidation of 1,2-benzenedimethanol to generate
phthalides is an important transformation for the production of
dyes, pharmaceuticals, etc. A prolific attempt in this direction was
made by Dai and co-workers, wherein a series of WO;/SnO,
composites was synthesized through the co-precipitation-
impregnation approach, followed by calcination at varying tem-
peratures, and subsequently utilized in the preparation of phtha-
lides from 1,2-benzenedimethanol using H,O, as the oxidizing
agent (Scheme 7)."” The experimental studies revealed that the
optimized calcination temperature for the support and catalyst,
which resulted in an enhanced catalytic performance, was 1023 K
and 823 K, respectively. The authors further highlighted that the
high dispersion of tungsten species together with the existence of
a few W®" ions in the SnO, lattice was beneficial for achieving the
optimal catalytic activity in the oxidation reaction. Thus, the
calcination temperature was found to have a profound influence
on the overall catalytic activity of WO3/SnO,.

Thiol oxidation

The oxidation of thiols to disulphides or sulphoxides is a key
preparative step in organic synthesis, which renders the
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Fig. 7
Reproduced with permission from ref. 177. Copyright 2015, Elsevier B.V.
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production of several other significant sulphur-based moieties
and related cyclic analogues such as disulphide S-oxides, dis-
ulphid