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Synthesis of Advanced Nanomaterials: Catalytic and Sustainable

Applications

1. Introduction

1.1. History of Catalysis

Heterogeneous catalysis dominates the chemical industry, and touches our daily life in various
ways. More than 90% of all chemical synthesis is performed using various catalytic protocols,
and catalysis contributes to nearly 35% of the world’s gross domestic product (GDP).[1]
Catalytic transformations are sustainable way of producing chemicals and materials as they
perform a fundamental role in energy applications (in oil refining, biofuel production, and fuel
cells, etc.), in pollution control, in medical applications and in food manufacturing. Historically,
it is well-known that catalysis increases the rates of the chemical reactions as was first
introduced by Berzelius in 1835.[2] The early catalytic applications were introduced for simple
but industrially significant reactions such as the oxidation of sulfur dioxide to sulfuric acid, the
production of ammonia from N, and H, (the Haber process), and the synthesis of methanol and
its oxidation to formaldehyde.[1, 3] However, in some recent applications, increasingly complex
reaction networks are at play which dictates specificity traits to avoid the formation of
undesirable byproducts. Thus, in order for catalysts to be viable, it is obligatory to enhance its
reaction performance (conversion/yields/selectivity), to simplify the overall synthesis process,
eliminating expensive product separation steps, and to minimize the generation of potentially
polluting byproducts.[4, 5] Additionally, the stereoselective catalytic processes drive the field for
the manufacturing of speciality chemicals for various industrial applications, especially
pharmaceuticals.[6] This shift dictates properties of catalysts to be prominently selective with
other constraints about its practical utility for specific chemical processes.[7]

Generally, catalysis occupies an important place in chemistry, which contained three different
categories, namely heterogeneous, homogeneous, and enzymatic. Among them, homogeneous
and heterogeneous catalysis are renowned as being two different areas depending on the phase of
the reactant and the catalysts, while the main goal being the discovery of better catalytic activity.
Both the catalysts have their advantages and drawbacks. For example, heterogeneous catalysts
are easy to recover but in some cases harsh conditions as well as the inefficient mass

transport limit its applicability. On the other hand, while homogeneous catalysts are



recognized for their higher activity and selectivity, the separation of expensive catalysts,

especially transition metals, from substrates and products remains a key issue for industrial

applications.[8] Heterogeneous catalysts are traditionally prepared by using simple synthetic

routes with relatively limited control over the morphology. Furthermore, it becomes more

difficult to control selectivity in such cases, especially when precise effects such as stereo- or

enantioselectivities are concerned. Thus, considering its recyclability from a greener perspective,

it becomes imperative to devote more efforts towards bridging the gap between homogeneous and

heterogeneous catalysts thus capitalizing on the good attributes of both these systems. In this

aspect, possibly, the seminal efforts were made between the 1970s to the early 1980s when

the field witnessed a rapid growth in parallel with the growth of nanoscience. Pioneering

works on surface molecular chemistry accomplished by J. M. Basset, M. Che, B. C. Gates,

Y. lwasawa, and R. Ugo, among others, to develop single-site catalysts, and/or reach a better

understanding of conventional supported catalyst preparation through a molecular approach

(molecular field). Chemists such as G. Ertl and G. Somorijai, contributed to the molecular

understanding of surface chemistry associated with the catalytic processes. This paved the

way for the development of novel nanotechnology pathways for the preparation of complex

solids with well-defined characteristics, for applications in catalysis.[9-11]

In the intervening 20 years, there has been enormous development in the field of nanoscience and
nano-catalysts especially at the interface between homogeneous and heterogeneous catalysis;
catalyst development specifically from recyclability, selectivity, and environmental viewpoints
have been emphasized.[12] The main focus is well-defined catalysts, which may include both
metal/metal oxide nanoparticles possibly exploiting nanomaterial as a support. Specific reactivity
can be projected due to the nanosize of the materials that display specific characteristics which are
difficult to achieve with traditional, bulk materials (Figure 1).

The ability to produce materials with specific sizes or shapes, or to grow complex solid
nanostructures, can be exploited to fulfill specific selectivity requirements in catalysis. The full
understanding of the synergistic effects among the different parts of the nanocatalysts still in its
infancy, but the field has already started to see many exciting developments, and promises that

may revolutionize chemical manufacturing.
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Figure 1. Nanoarchitecture: an avenue to superior precision. Axes are: A: composition of
functional sites; B: ordering level of sites; C: functional properties of material. Adapted from ref.
[13]

Additionally, an immense developments in the field of surface science at the molecular level
was possible because of the advanced synthetic techniques (e.g., clean single crystal surfaces
alternative energy inputs, ultrahigh vacuum techniques, etc.) and characterization techniques
[e.g., (X-ray photoelectron spectroscopy (XPS), atomic emission spectroscopy (AES), low
energy electron diffraction (LEED)].

In terms of nomenclature, the term ‘colloids’ has been loosely used for nanoparticles (NPs) in
liquid-phase catalysis, termed ‘colloidal catalysis,” while ‘nanoparticle’ is often referred to NPs in
the solid state. The terms ‘nanostructured’ or ‘nanoscale’ materials (and by extension
‘nanomaterials’) are any solids that possess a nanometre dimension. Despite these differences in
nomenclature, ‘nanocatalysts’ or ‘nano-catalysis’ summarize well all the different cases as

discussed below in various sections.

1.2. The Impact of the Intrinsic Properties of Nanomaterials on Catalysis

The interatomic interactions affect the overall catalytic performance of solids or a cluster of atoms.
Modification of the relative number of the under-coordinated surface atoms delivers an additional
choice that allows one to tailor the properties of a nanosolid as compared to its bulk counterpart.
Hence, from the knowledge about the under-coordinated atoms and the contribution of interatomic

3



interaction can bridge the gap between a single molecule and a bulk material in physical and
chemical performances. The impact of reduction of atomic coordination (deviation of length, bond

order and angle) is remarkable, which dictates the activity of a surface, a nanosolid, and a solid in

amorphous state due to their difference in bond relaxation and its consequences on bond

effect -

energy.[14]
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Figure 2. The impact of the intrinsic properties of nanomaterials on catalysis. Adapted from ref.
[13]

The uncommon nature of a surface and a nanosolid can be understood and thoroughly formulated
as functions of atomic coordination reduction and its effects (size dependence) on the atomic
trapping potential, crystal binding intensity, and electron—phonon coupling; this combination
embodies the final activity of the nanomaterials. The physical quantities of a solid are generally
classified as follows:

e Quantities that are directly associated to bond length, such as the mean lattice constant, atomic

density, and binding energy.



e Quantities that depend on the cohesive energy per discrete atom, such as thermal stability,
critical temperature for phase transitions, and evaporation in a nanosolid and the activation energy
for atomic dislocation, diffusion, and chemical transformations etc.

e Properties that differ with the binding energy density in the relaxed continuum region such as
the Hamiltonian that controls the entire band structure and is correlated with the characteristics
such as core level energy, band gap, photoabsorption, and photoemission.

Structural alteration has certainly given a new freedom that allows us to tune the physical
properties that are initially nonvariable for the bulk portions by just modifications of the shape and
size to effectively use the atomic coordination reduction. Thus, the intrinsic properties of
nanomaterials especially size dependency, will directly or indirectly induce, significant effects on

the catalytic activity (Figure 2).

1.3. How the Properties of Nanocatalysts can be Tailored?

The use of metal, metal oxides, and mixed metal oxides NPs in catalysis is critical as they mimic
active metal surface at the nanoscale and thereby bring selectivity and efficacy to heterogeneous
catalysis.[12] According to the literature, in order to obtain superior yet sustainable catalytic
performance, NPs should at least: (i) have a specific size (1-10 nm); (ii) have a well-defined
surface morphology; (iii) have reproducible syntheses and properties; and (iv) be amenable for
easy isolation and possible reuse. In the cases where the nanoparticle is supported, query of
specific control of its location, chemical and spatial surroundings play pivotal roles in determining
its activity. Tailoring the properties of nanocatalysts thus entails exploration of NP characteristics
such as morphology, crystalline structure and composition (surface state) using different synthetic
techniques and/or post-synthetic modifications. To understand the characteristics of the
nanocatalysts, it is crucial to clarify the chemical and physical properties of the materials, which
include the size and shape of the nanoparticles, surface properties, and nature of surface coating

and presence of any impurities/unreacted starting materials (Figure 3).
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Figure 3. Structural and compositional features of nanoparticle/nanocatalyst. Adapted from
ref.[15]
1.4. Nanocatalysis: Applications in Chemical Industry
Today, nanocatalysis is one of the fast growing fields, which essentially involves the use of
nanomaterials as catalysts for a variety of important catalytic transformations. Heterogeneous
catalysis signifies one of the commercial applications of nanoscience; nanoparticles of metals,
semiconductors, oxides, and other compounds have been widely employed for significant
chemical reactions. Since, most commercial catalysts are still manufactured by ‘mixing,
shaking and baking’ mixtures of multicomponents, their nanoscale properties and structures
are not well controlled and the synthesis—structure—performance interactions are poorly
understood.
Key points of sustainable nanocatalysis research should include:
- Enhancement of selectivity and activity, low energy consumption, and long lifetime

of catalysts.
- Replacement of precious metal catalysts through catalysts design at the nanoscale and

use of earth-abundant and inexpensive metals, thus reducing preparation costs.

- Unique design of catalytic procedures which can eliminate/reduce the formation of the
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undesirable molecules.

In order to fulfill all aforementioned benchmarks, precise control of the size, shape,
surface composition and electronic structure, as well as thermal and chemical stability of
the individual nano components is essential. Diverse impending benefits (Figure 4) can
ensue via the use of nanocatalysts as has been testified by great academic and industrial

research attention in recent times.
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Figure 4. (A) Expected benefits of nanocatalysis. (B) Catalyst market by end-use. Adapted from
ref. [13]

Because of the wide-spread applications of catalysis (especially heterogeneous catalysis) in
industry segments including petrochemical, pharmaceuticals, chemical, food processing sectors,
among others, a recent valuation of the global catalysts market is as follows:

e The global market for nanocatalysts employed in catalytic applications increased from US $3.3
billion in 2002 to US $5.0 billion in 2009. It is expected to reach approximately US $10.0 billion
by 2017.

e Commercially well-known catalysts such as industrial zeolites, enzymes, and transition metal
catalysts, till date, accounted for about 98% of global sales.

e The use of nanocatalysts, such as transition metal oxides/mixed metal oxides, gold catalysts,
carbon nanotubes and others have been continuously increasing their combined market share from
2009 onwards.



Not surprisingly, nanocatalysis is a growing business. The list of companies that have already
patented and/or commercialized technologies relating to nanocatalysts is rising rapidly. The
dominant global players include BASF Catalyst LLC, BASF SE, Argonide Corporation, Bayer AG,
Hyperion Catalysis International, Johnson Matthey PLC, Catalytic Solution, Inc., Evonik
Degussa GmbH, Genencor International, and Zeolyst International, etc. as they are steadily

pushing the boundaries of the field in order to achieve better nanocatalysts.

1.5. Nanocatalysts and Sustainable Chemistry

Nanocatalysis is the key constituent of “sustainable nanomaterials and organic transformations”
relevant to nearly all types of catalytic organic transformations [16-19]. Among nanocatalysts,
several forms such as magnetic nanocatalysts, nano-mixed metal oxides, core-shell nanocatalysts,
nano-supported catalysts; graphene-based nanocatalysts have been successively used in diverse
applications [15, 20-22]. Magnetic nanocatalysts stand apart in this group because of their low
preparation cost, excellent activity, great selectivity, high stability, efficient recovery, and good

recyclability (Figure 5).

Homogeneous
Catalysts

Heterogeneous
Catalysts

/

« Difficulty in * Reduced contact
separation and between catalysts

recovery and substrate
» Deactivation of the @ Inferior catalytic
catalysts performance

» Side waste product + Leaching

Figure 5. Advantages of nanocatalysts over simple homogeneous and heterogeneous catalysts.

These versatile semi-heterogeneous nanocatalysts (with high surface area) are the best alternatives
to conventional catalysts, the highest catalytic activity, selectivity, and stability can be achieved by



their shape, size, composition, and nature of nanocatalyst structure.[27-29] These noteworthy
advantages of nanocatalysts are attributed to the nanosized effect and the catalytic performance
generally increases with decreasing size of nanostructures. Though, when the size of the active site
Is reduced to nanoscale dimensions, the surface free energy increases, resulting in the aggregation
of the particles into small brunches and reducing the catalytic productivity. Also, the isolation and
recovery for the catalysts become difficult as their size decreases; in most cases, separation
through traditional filtration is not an easy task. Therefore, it is important to use the appropriate
support materials/nanomaterial to design an effective, reusable and recyclable nanocatalysts.[30]

In this thesis, | emphasize sustainable organic transformations catalyzed by earth-abundant iron-
based catalysts, supported catalysts and core-shell nanocatalysts. Our emphasis is on identifying
the driving forces for the design of specific catalysts, a concrete mechanistic knowledge on the
desired reaction that defines the requirements from nanotechnology in the manufacturing of useful
catalysts. It is our belief that only via this synergy between nanotechnology and basic mechanistic
studies, aided by the knowledge from surface science[31] and computational simulations,[32]

developments of efficient, greener nanocatalysts can be successfully achieved.[20]

2. lron-oxide-based Nanocatalysts

The progressive development of “green chemistry” has made catalysis field even more innovative
and inspiring, as it leads to effective and sustainable synthetic protocols that evade the use of
volatile organic solvents, toxic reagents, severe reaction conditions, and time-consuming,
uneconomical separations.[33-37] In a homogeneous catalysis system, the catalytic species and the
reactants are in the same phase, which allows facile interaction between the components and,
hence, results in better activity/selectivity, higher turnover numbers and the possibility to tune the
chemo-, and enantioselectivity of the catalyst by amending the active catalytic molecules.[38]
Consequently, these catalytic systems are extensively used for various important chemical
transformations in a large number of industries. However most of them have not yet been
commercialized, because of trouble encountered in isolating the catalyst from the final reaction
mixture, making the overall process cumbersome.[39] On the other hand, there have been
considerable developments in heterogeneous catalysis over recent decades, owing to the associated
advantage of easy separation notwithstanding having low activity and selectivity.[40] In order to
overcome the difficulties associated with both types of catalytic systems, heterogenization is

typically achieved, either via entrapment or covalent grafting of the active catalytic species on



surfaces or inside the pores of a solid support, including magnetite, graphene, silica, alumina,
zeolite, ceria, and so forth.[41-46]

Among these, iron oxides are inexpensive earth-abundant materials and they are ideal replacement
of scarce, and expensive noble metals. In the last few years, various forms of iron oxides namely
Fes04 (magnetite), FeO (wiastite), Fe,O3 (Iron III oxides), a-Fe,O3; (hematite), B-Fe,O3 (beta
phase), and y-Fe,O3 (maghemite) have been used in catalysis.[47-51] Magnetite and maghemite are
ideal oxide supports, easy to prepare, having a very active surface for adsorptions or
immobilization of metals and ligands. In addition, they can be separated by magnetic decantation
after the reaction, thus making it a more sustainable and economic catalyst.[52, 53]

Based on their crystal structure, magnetite contains cubic inverse spinel structure (space grouping
of Fd3m).[54] The unit cell has interesting magnetic properties due to the presence of non-
equivalent cations in two valence states; Fe?" and Fe®* in the crystal structure forms (Figure
6a).[55] The unit cell also comprises of 32 O* ions which are systematic cubic close packed along
the [110] direction. Generally, Fe3O, crystals are dispersed with octahedral and mixed
octahedral/tetrahedral layers along the (111) direction.[56]

The crystal structure of a-Fe,Os; (hematite) is described within the space group with lattice
parameters a = 5.034 A and ¢ = 13.752 A (Figure 6b). Hematite exhibits two magnetic transitions,
i.e., one at ~950 K (known as the Néel temperature) from a paramagnetic to weakly ferromagnetic
state and other at ~265 K (known as the Morin transition temperature) from a weakly
ferromagnetic to a perfect antiferromagnetic state. Hematite is also best alternative and active
catalysts/support for various types of catalytic and environmental applications. Even though it is
not magnetic in nature, it can be totally isolated by simple filtration or centrifugation.

v-Fe>03 (maghemite), on the other hand, contains cubic structure of an inverse spinel type with a =
8.351 A (Figure 6¢c).[57-59] In crystal structure of maghemite, two crystallographically
nonequivalent cation sites (tetrahedral (T) and octahedral (O)) are documented, and y-Fe,Os is a
strong ferrimagnet with the Curie temperature projected in the range from ~780 to ~980 K; the
direct determination of its Curie temperature is not possible due to the y-Fe,O3; -to- a-Fe,O3
polymorphic transformation upon heating. If the size of y-Fe,O3 nanoparticles falls below a certain
value (~30 nm), it displays a superparamagnetic nature with a strong magnetic response under
small applied magnetic fields.

In this section, | mainly focused on non-magnetic (hematite) and magnetic (magnetite and

maghemite) nanocatalysts, (either as supports and/or catalytically active species) for catalytic and
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environmental applications.
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Figure 6. a) Crystal structure of Fe3Oq4, green atoms are Fe?*, brown atoms are Fe®", grey atoms are
oxygen. Reproduced from ref. [55] with copyright permission from The Royal Chemical Society. b)
Crystal structure of hematite (a-Fe,Os). ) Crystal structure of maghemite (y-Fe,O;). Adapted from
ref. [60]

2.1. Morphology-dependent Nanoiron Oxides - Synthesis and Catalytic Applications

In the past few decades, extensive studies have demonstrated that the size and shape of a catalyst,
at the nanometre scale, greatly affect its reaction performance. Especially, control of the particle
morphology permits a selective exposure of a larger fraction of the reactive surfaces on which the
active sites can be developed and tuned. This anticipated surface coordination of catalytically
active atoms or domains considerably helps to improve catalytic performance, selectivity, and

stability, resulting into “morphology-dependent nanocatalysts”.[61] For example, Mou et. al.

11



achieved rod-shaped a- and y-Fe,Os particles from of B-FeOOH nanorods using appropriate
dehydration procedures (Figure 7).[62-64] The B-FeOOH nanorods of 30-50 nm in diameter and 400
500 nm in length were obtained by aqueous-phase precipitation of ferric chloride with sodium carbonate
in polyethylene glycol (PEG) at 120 °C. The calcination of this p-FeOOH precursor at 500 °C in air
produced a-Fe,O; nanorods (diameter ~ 30-40 nm and length was 400-500 nm). The a-Fe;O3
nanorods were walled by two (001) side planes, two (001) side planes, and two (010) top planes.
The side planes were Fe-ended surfaces without O anions, whereas (010) planes concurrently
displayed the presence of both Fe and O ions. Notably, when, rod-like B-FeOOH precursor refluxed in
PEG at 200 °C created y-Fe,O; nanorods of 30-40 nm in diameter and 400-500 nm in length. Each
nanorods contained (110) side planes, (001) side planes, and (110) top planes and were all terminated by

iron cations and oxygen anions.
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Figure 7. (A, B) TEM/SEM images of B-FeOOH nanorods. (C, D) TEM images of y-Fe,O3
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nanorods of 30—40 nm in diameter and 400-500 nm long. (E) Atomic illustration of cubic vy-
Fe,03, and the real shape of nanorods that preferentially expose the (110) and (001) planes. (F)
The selective reduction of NO by NHj; as a function of temperature. TPD profiles of (G) NH; and
(H) NO/O; using the y-Fe,O3 nanorods. Reproduced with permission from ref. [63]. Copyright
2012, WILEY-VCH Verlag Gmbh & Co.

In the following sub-section, | have highlighted rod-shaped hematite and its applications for

environmental remediation and catalytic applications. Hematite (a-Fe'

203), one of the most
common natural iron-bearing soil minerals in the earth,[65] has been extensively studied for
treating environmental contaminants due to its high natural abundance, stability, and
nontoxicity.[66, 67] Hematite is also very well-explored form of iron oxide and used in humerous

catalytic reactions and energy-related applications.[68-70]

2.1.1. Synthesis of Micro-mesoporous Iron Oxides and its Environmental Applications

In the case of heterogeneous catalysis, the materials surface area and porosity plays often
an important role because of better interactions between the catalysts and the reagents.
Recently, mesoporous iron oxides are prepared via the aid of soft and hard templating
approaches.[71-76] However, both methodologies lead to a somewhat poor control of the
morphological development of the iron oxide materials-an asset that is often compromised
during the calcination procedure. Thus, for chemists, it is a great challenge from the
synthetic viewpoint to accomplish well-ordered morphology of iron oxide in a superficial
and environmentally friendly protocol. The template-free conversion of metal oxalate
precursor trailed by thermal decomposition of the intermediate materials may certainly
offer a direct way to obtain such preserved morphology for the preparation of porous metal
oxides.[77, 78] There are some reports from our group for the template-free thermally
induced solid-state decomposition of iron oxalate precursor that can provide iron oxide
nanoparticles control of the particle size, structure, morphology, surface area and
crystallinity, upon varying the reaction conditions and precursor properties.[79-82] Herein,
I describe a unique mild solid-state methodology for the preparation of morphologically
controlled highly ordered hematite (a-Fe,O3) nanocatalysts, which are further employed for
hydrogen peroxide decomposition (1.43x10* min™?); one of the highest rate constant on

iron-based catalysts so far.[83] Furthermore, synthetic protocol using iron (Il) oxalate as a
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precursor has been documented, preserving its unique morphology, which represents a
unique strategy towards a new class of micro-mesoporous nanocatalysts with an amazing
efficiency in degradation of organic pollutants.

The synthesis of micro-mesoporous Fenton nanocatalysts includes template-free protocol based on
the direct precipitation of iron(ll) oxalate precursor from an equimolar mixture of oxalic acid and
Fe(Il) chloride in N,N-dimethylacetamide (DMA) at room temperature (step 1), followed by solid-
state isothermal treatment at 448 K for 12 h in air (step II).

The as-prepared iron oxide-DMA catalyst was characterized using several characterization
techniques, which is very well described.[83] Here, | would like to give brief information about
field-emission scanning electron microscopy (FE-SEM) image of iron oxide-DMA (Figure 8a).
Remarkably, the catalyst reserved the flower-like morphology of the oxalate precursor along the
entire synthesis even after the thermal treatment (Figure 8b). Structurally, the flower-like
organization of the crystallites in the iron oxide-DMA sample comprises several rods, further
composed of nanosized particles (5-7 nm), representing the smallest building units in this complex
3D nanoarchitecture.[83]

It is noted that iron oxide-DMA is very much comparable to previously reported mesoporous and
nanocrystalline iron-oxide-based heterogeneous catalysts, which exhibit variable catalytic activity
in the hydrogen peroxide decomposition with rate constants ranging from 10> to 102 min %,
depending on the particles size/shape, crystallinity, porosity, and surface area.[83]

In this research work, it is noted that various characteristics such as chemical composition,
size, surface area, pore volume, crystal structure, crystallinity of the catalyst, and 3D nature
of nanoparticles play pivotal roles in the materials’ catalytic performance to H,O,

decomposition, and degradation of organic contaminants (Figure 8c).
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Figure 8. a) FE-SEM micrographs of the iron oxide b) Flower like morphology c) Iron oxide-
DMA catalyzed H,O, decomposition, and degradation of organic contaminants. Reproduced

from ref. [83] Copyright 2016 Royal Society of Chemistry.

2.1.2. Micro-mesoporous Iron Oxide Catalyzed Transfer Hydrogenation of Nitroarenes

After successful applications for the decomposition of hydrogen peroxide and morphology driven
catalysis for degradation of organic pollutants, we realized that this material has excellent active
sites for the catalysis. So, we decided to continue to evaluate the same material for other catalytic
applications. Keeping in mind the acidic nature of iron oxide and on the basis of previous
literature, we have performed transfer hydrogenation of nitroarenes using formic acid as a reducing
agent.[84] It is well-known that research towards the design and development of highly efficient
and benign catalysts for the transfer hydrogenation is a required goal from the viewpoint of
sustainable chemistry. The iron-catalyzed reactions are of significant interest to limit or avoid the
use of precious and toxic metals, as it is abundant, benign by nature and inexpensive.[85-88] There
are various studies performed on different forms of iron for selective reduction of nitroarenes.[89-
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91] For example, the transfer hydrogenation of a,B-unsaturated ketones with trihydride iron
complex and using cyclopentanol or 2-propanol as hydrogen source without any base showed
excellent activity and reactivity.[92-94] Recently, the use of first well-defined iron complexes as
an effective homogeneous catalyst for the reduction of nitroarenes employing formic acid as the
reducing agent was reported by Beller and co-workers.[95] It is noted the catalytic activity of this
iron catalysts is influenced by metal-ligand combination. In the literature, some reactions had been
performed using formates as hydrogen donors, however with other metal-based catalytic
systems.[96, 97] In this research work, we have reported for the first time, micro-mesoporous iron
oxide (MMIO) with high surface area (360 m?/g) as well-designed catalyst for transfer
hydrogenation of nitroarenes using formic acid as a reducing agent, tris[(2-diphenyl-
ethyl)phosphine] as ligand without any additional base (Figure 9).[84] The MMIO catalyst has
been well characterized by FE-SEM, HRTEM, XRD, N; adsorption-desorption isotherm
measurements and Mdssbauer spectroscopy. It is noted that the recyclable catalytic system permits
the reduction of a broad range of substrates and exhibit high tolerance to sensitive functional
groups to deliver good to excellent yields of the corresponding products. In this research work, we
did not use any noble and transition metals which make this protocol more sustainable. We
consider that the tuning of the combination of micro-mesoporous iron oxides with different
phosphine ligands could be used for several other industrially important hydrogen transfer

reactions.

o NO: Tetraphos o NH2
| EtOH, 70 °C |

R/ = R/ _—

R=H, -CH; -OMe etc. Yields = 62-98%
= o NO,
HN NO, @ 7 NO,
1§

85% 91% 98%

Figure 9. MMIO catalyzed transfer hydrogenation of nitroarenes.
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2.1.3. Synthesis of Flower-shaped Magnetite for the Reduction of Nitroarenes

Following the reported micro-mesoporous iron oxide (hematite) as versatile materials for various
kinds of catalytic applications in earlier section, we embarked on the synthesis of magnetite from
iron oxalate via a simple two-step methodology.[98] In the first step, thermally induced solid state
decomposition of iron oxalate was employed to prepare ultra-small iron(I11) oxide nanoparticles; in
the second step, the ensuing thermally-induced reduction of prepared iron(l1l) oxide in hydrogen
atmosphere afforded magnetite (Figure 10a). The stepwise conversion of iron(lll) oxide to
magnetite by hydrogen reduction process via in-situ monitoring by XRD (Figure 10b). The two
shoulder peaks (around 40° and 74° of 20) are clearly visible in the diffraction patterns up to 210
°C and suggest that the material is iron(I1l) oxide with ultra-small nanoparticles. At 220 °C, the
diffraction lines belonging to fcc structure of magnetite/maghemite start to appear and their
intensities gradually improved during the 60 min period of isothermal treatment. Therefore, we
choose temperature 220 °C for 2 hours as the optimal condition for the synthesis of magnetite from
iron(111) oxide with ultra-small particles via a tube furnace under hydrogen atmosphere. Notably,
the flower/rod like morphology of the precursor is well-maintained even after the hydrogen
treatment. The as-synthesized magnetite is characterized by several techniques including XRD,

FE-SEM, TEM, N, adsorption-desorption isotherm and Mdssbauer spectroscopy.
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Figure 10. a) Synthesis of magnetite b) Evolution of X-ray diffraction patterns during in-situ
monitored thermally induced transformation of iron(lll) oxide with ultra-small particles to

magnetite in hydrogen gas atmosphere.[98]
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Figure 11a shows the XRD pattern of magnetite and all of the diffraction lines can be evidently
attributed to standard face-centered cubic (fcc) structure of Fe;O4 (space group: Fd3m (227),
JCPDS card No. 01-089-3854). Subsequently, Mdssbauer spectroscopy was used for direct
identification of iron oxide form (Figure 11b). The acquired spectrum is clearly composed of two
magnetically split subspectra (i.e., sextets). The first sextet component with an isomer shift (9)
value of 0.27 mm s™, quadrupole shift (eq) value of —0.01 mm s, and hyperfine magnetic field
(Br) value of 49.0 T corresponds to Fe** ions occupying all the tetrahedral positions in the Fe;O,
crystal structure and with a contribution from Fe®* ions sitting in the octahedral sites having Fe*

ions as the nearest neighbours (i.e., Fe**-O-Fe** pathway).
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Figure 11. a) XRD pattern and b) M&ssbauer spectrum of magnetite ¢c) SEM and d) TEM image of
magnetite.[98]

On the other hand, the second sextet with 6 =0.67 mms™, &g =0.00 mms™, and By =46.0T is
ascribed to Fe®* and Fe** ions occupying the octahedral positions in the FesO, crystal structure
among which the electron hopping occurs (i.e., an Fe** ion with a neighbouring Fe** ion and vice

versa; Fe?*-O-Fe®" pathway) with a frequency faster than the characteristic time of the Méssbauer
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technique and thus manifested as component with ¢ value lying in the range typical of an average
valence state of +2.5.[99] Relative spectral area of Fe** and Fe**" sextet is 41and 59%,
respectively

The SEM image (Figure 11c) of magnetite revealed the retention of rod/flower like pattern as
found in the case of iron(l11) oxide.[83] From the TEM image (Figure 11d), it can be seen that the
individual nanorods possess an average size 300 nm and the self-assembled floral pattern has
diameter of about 3 um. The efficiency of the catalyst was then tested for the reduction of nitro

moieties under microwave (MW) irradiation and with ethanol as a solvent.

N N02 Fe304, EtOH _ I SN NH2
R~ " Ryr
! — N2H4. Hzo, MW ! =

90°C, 15 min
R=H, OMe, etc Yields = 37-96%
98% 96% 96%
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Figure 12. Reduction of nitroarenes with magnetite.

First to scrutinize the reaction conditions, various parameters including effect of temperature,
catalyst loading, solvent, and various hydrogen sources including the amount of hydrazine hydrate
were investigated by selecting the nitrobenzene as model substrate. Different iron catalysts for the

reduction of nitrobenzene with hydrazine hydrate were also inspected under the optimized
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conditions. It is noted that commercial Fe powder, FeSO,4.7H,0, FeCl3.6H,0 did not show any
activity under these conditions while FeCl3;.4H,0, Fe(acac); and magnetite exhibit 18%, >99 %
and >99 % conversion respectively. Furthermore, these optimized reaction conditions were then
applied to a selection of 15 substituted nitroarenes containing additional reducible groups to
determine the chemoselectivity of the catalyst (Figure 12). In most of the cases, quantitative
(>99%) conversion of the substrates to the desired amine derivatives was obtained within 15 min.

The catalyst recycling is certainly essential in heterogeneous catalytic reactions. Therefore, we
examined the recyclability of our developed catalyst for reduction reaction using nitrobenzene as a
model substrate under the optimized conditions. After completion of the reaction, the catalyst
could be easily separated using an external magnet. The separated catalyst was then washed with

ethanol and dried before reuse. This process was repeated 10 times successfully without noticeable

decrease in catalytic activity (Figure 13).

I conversion
B yield
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1 2 3 4 5 6 7 8 9 10
Recycle runs

Figure 13. Reaction condition: Nitrobenzene (1 mmol), Hydrazine hydrate (200 uL), Fe3O4 (60

mg), EtOH (3 mL), temperature (90 °C), MW.

Overall, a robust, chemo-selective and flow-shaped magnetite reusable nanocatalyst has been
developed for the reduction of industrially valuable nitroarenes substrates in the presence of other
sensitive reducible functional groups. A diverse range of amines derivatives were obtained in
excellent yields under the MW heating conditions at 90 °C using hydrazine hydrate as hydrogen
source within 15 minutes that precludes the use of a precious metal catalyst and hydrogen gas in

the preparation of amines derivatives.
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2.1.4. Conclusion and Perspectives

The use of nanoparticles in catalysis is a rapidly growing field due to its important influences to
both materials science and chemical transformations. Wide-ranging investigations on
nanocatalysis, employing both metal and oxide particles, have enthusiastically established that the
size and shape of the catalyst on the nanometre scale greatly affect catalytic activity. The particle
size effect has characteristically been clarified on the basis of differences in the number of active
sites; small particles with high surface-to-volume ratios display more active sites containing low-
coordinated atoms in defect sites such as terraces, edges, or vacancies. Increasing attention now
proposes that the shape of the catalyst particle is equally imperative for obtaining the anticipated
catalytic performance and selectivity. This morphological necessity becomes more important with
decreasing size along specific dimensions as shown in previous examples.

We believe that not only morphology-dependent hematite and maghemite can be prepared but, also
other active forms of iron oxides; even other metal oxides could be prepared in unique
morphology, which will show better activity/selectivity than their powdered form counterparts.
Such methods would allow us to directly and intensely control the size, shape, and interfacial
structure of individual nanoparticles and to recognize the dynamic temperature- and gas-induced

structural deviations at the active sites.

2.2. Magnetic-supported Nanocatalysis - Applications in Sustainable Organic
Transformations

Magnetic iron oxide nanoparticles stand out to be very attractive candidates as support materials in
view of their easy availability, and cost-effective nature.[100-105] These nanoparticles can be
effortlessly recovered with an external magnet due to the paramagnetic behaviour resulting in
remarkable catalyst recovery without using difficult filtration/separation processes.[30, 106-109]
This could significantly improve the catalytic efficiency and decrease the operational cost which is
crucial for practical applications.

2.2.1. Synthetic Strategies of Magnetic Catalysts

A large number of synthetic strategies have been executed for the preparation of the magnetic
nanoparticles involving oxides, such as magnetite (Fe3O4), maghemite (Fe,O3), spinel-type
ferromagnets (e.g., MgFe,O,4, MnFe,0,4, and CoFe,0O,4 etc.) pure metals (Fe and Co), alloys

(CoPt; and FePt).[20, 52, 110] Amongst all the magnetic NPs, magnetite has been studied most
extensively for a variety of applications in multidisciplinary fields. The common synthetic
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methodologies include chemical methods (namely co-precipitation, thermal decomposition,
microemulsion, hydrothermal, solvothermal processes), [20, 52, 110, 111] and physical methods
(such as electron beam lithography, gas phase decomposition, pulsed laser ablation).[112, 113]
Chemical methods are extensively employed by industries and research laboratories owing to the
ease of synthesis and involvement of less stringent conditions. However, with the rising
environmental concerns and the current emphasis on adopting greener pathways, friendly
procedures for the synthesis of metal nanoparticles (MNPs) have been advanced; various
advantages and drawbacks of the various synthetic protocols are described.

In this section, | would report mostly on magnetite and maghemite supported nanocatalysts and its
applications in various important organic transformations.

Since, few years, we are working on the field of “magnetic nanocatalysts” and to date we had
reported noble- and transition metal-supported magnetic nanocatalysts, magnetic supported-
sulfonic acid, and magnetite-supported L-cysteine and its applications in several important
reactions including Mannich type reactions, C-C, C-S, and C-O coupling reactions, oxidation,

reductions, and Ritter reaction etc. (Figure 14)

Metal Salts
FeCl;gH,0 Urea, NaOH NaOH
+ —_— _—
FeSO4_7H20 85-90 °C RT, pH=12
Fe;0, MNP Fe304- O (M)

Where M = Ni, Cu, Co, Mo, Pd, -SO;H,
L-cysteine etc.

Metal salts,
FeCl;gH,0 aqueous NH,OH NaOH
+ _— —_—
FeSO,7H,0 60°C RT, pH=12
Maghemite Maghemite-M

Where M= Au, CuO, Pd/PdO etc.
Figure 14. Magnetic-supported Nanocatalysts.
So far our efforts have resulted into more than 15 publications in the field of magnetic
nanocatalysis,[20, 30, 40, 52, 53, 109, 114-125] but to due space limitation, we have selected 6-8
papers for inclusion in this habilitation thesis, highlighting the importance of our works; all

published papers are cited in this thesis.

22



2.2.2. Magnetic-supported Pd Nanocatalysts

Recently, there are various reports on the synthesis of magnetic-decorated metal nanocatalysts
(e.g., Pd, Cu etc.,) and its applicatio