Chapter 1. Nanomaterials and Heterogeneous Catalysis

1.1 Introduction
Catalyses provide sustainable and cost-effective procedures to transform
raw materials to valuable chemicals.[1] Unlike reactants, catalysts remain
essentially intact, relative to their initial states, at the end of chemical
reactions that they facilitate. Catalytic processes have been very
important to solve the energy and environmental challenges around the
globe.[2] Catalysts are especially critical in various fields, such as
petroleum and petrochemical, fine chemicals and pharmaceutical
productions, and energy conversions.[3] Main processes in the oil refining
and petrochemical industries are achieved through catalytic transition
stages. Chemical and petroleum processing industries are the two largest
industrial energy users in the developed countries.[4] Therefore, the key
factor in the development of these industries is the improvement of
catalysts and related technologies. The U.S. chemical industries alone are
estimated to account for approximately a quarter of global chemical
production ($ 450 billion per year). Accordingly, the impact of catalysis
on the world economy is substantial.[5]
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Catalysts are typically categorized as homogeneous and heterogeneous:
-

Homogeneous catalysts are in the same phase as reactants and
dissolved in reaction media.

-

Heterogeneous catalysts are in different phases from reactants
and composed of supported metal moieties.

Homogeneous catalysts are generally soluble molecules or ionic
compounds. They have more readily accessible active catalytic sites, and
thus exhibit good catalytic activities. Moreover, their structures and
functional groups can be easily changed to result in chemo-, regio-, and
enantioselectivities.[6]

However,

despite

their

advantages,

the

homogeneous catalysts have a lot of disadvantages mainly due to the
difficulties to be separated from the final products or reaction mixtures.
Furthermore, even with the use of numerous techniques, such as
chromatography, distillation, or extraction, the removal of residual
catalytic species from the reaction mixture is always challenging in the
case of homogeneous catalyses.[7] In addition, the presence of residual
catalysts is strictly undesired in the commodity chemical products. These
issues together pose major hurdles for practical applications of
homogeneous catalysts and make many of them to have only limited
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applications.[8] The above mentioned drawbacks of the homogeneous
catalysts can be overcome by supporting the homogeneous catalytic
species on solid support materials and producing their corresponding
solid catalysts, known as heterogeneous catalysts.[9] The synthesis of
heterogeneous catalysts involves either the immobilization or the
attachment of an active catalytic moiety on the solid support material.
The solid supported catalysts can circumvent the recycling and instability
problems.[10] Catalyst species grafted or immobilized on the surface of
the solid supports or porous materials also provide accessible diffusion to
reagents, and result in more effective chemical reactions. [11] The physical
attachment of the catalytic groups onto the solid support materials
possesses numerous advantages, such as easy handling, efficient recovery,
enhanced stability and shelf-life, and reusability. For example, Lee’s
group developed a polymer-supported N-heterocyclic carbene precursor
and reported its application to the palladium-catalyzed Heck crosscoupling reactions. This polymer-supported NHC-Pd catalyst could
increase the reaction rate and catalytic efficiency, due to the location of
its active sites on the skin layer of the resin (Figure 1.1).[12]
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Figure 1.1. Heterogeneous Heck reactions catalyzed by recyclable
polymer-supported N-heterocyclic carbene-palladium complex.

However, because the reactants and the catalysts in the heterogeneous
catalyses must necessarily be in two different phases, the interaction
between the reactants and the catalysts is reduced.[13] These problems
result in reduced overall catalytic activities in the heterogeneous catalysts
compared with their homogeneous counterparts.[14] Possible leaching of
active catalytic sites from the solid support materials, either from the
cleavage of the covalent bonds between the catalytic groups and the solid
support material or from the possible desorption of the catalytic groups
off the solid support material, can also be an important issue for some
heterogeneous catalytic systems.[15] In addition, these heterogeneous
systems require a filtration, centrifugation steps or a tedious workup of
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the final reaction mixture to recover the catalyst.[16] To overcome the
limitations associated with the heterogeneous catalysts, new catalytic
systems are needed so that could have the advantages of both
homogeneous and heterogeneous catalytic systems, allow all catalytic
active sites to be accessible and effective (i.e., give good catalytic activity,
selectivity, and yield), and make catalyst separation easily possible (i.e.,
stable catalyst, catalyst recovery, and catalyst reuse). Consequently,
typical conventional industrial heterogeneous catalysts are composed of
supported metal particles owing to their advantages gained from
recovering and reusing the catalysts.[17] However, traditional micrometersized heterogeneous catalysts generally suffer from low catalytic
activities due to the slow diffusion ofreactants.[18] While supporting the
catalysts can increase their stability, it also decreases their reactivity.
Accordingly, heterogeneous catalytic reactions generally require more
severe conditions than those of homogeneous catalysts.[19] Recent
advancements in the synthesis of uniformly sized NPs offer numerous
opportunities to improve the catalytic performance. Nanoparticle-based
catalysts (nanocatalysts) and nanocatalyses could meet the needs of such
improved catalyst systems.[20] Nanocatalysts are considered as a bridge
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between the homogeneous and heterogeneous catalysts and have high
catalytic activities because of their high surface-to-volume ratio. This
methodology has also motivated continuous research efforts for the
developments

of

highly

active

and

sustainable

nanocomposite

catalysts.[21]

1.2 Nanocatalysts in Catalytic Transfromations
Nanocatalyses

have

been

important

parts of nanoscience

and

nanotechnology.[22] Nanocatalysts can substitute typical industrial
heterogeneous catalysts and serve as more active heterogeneous catalysts
for various catalytic transformations. Due to their small sizes, catalyticactive nanoparticles (NPs) have higher surface area and increase exposed
active sites, and thereby improve contact areas with reactants, similar to
those of homogeneous catalytic systems.[23] At the same time,
nanostructured catalysts can function as heterogeneous catalysts; thus,
they can also be easily separated from the reaction mixtures. In addition
to their tunable catalytic activity and selectivity, often with activities
close to homogeneous catalytic systems, the stability of nanocatalysts can
be improved by tailoring the chemical and physical properties of the
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nanomaterials by various synthetic methods. The benefit of the enhanced
surface-to-volume ratio and the benefit of accessibility to specific sites of
NPs to catalysis are now well-known. For example, nanocatalysts with
better activity, stability, and selectivity can be designed and synthesized
merely by controlling the sizes, shapes, and morphologies of
nanomaterials. Nanocatalysts are very structure-sensitive, and their
catalytic activity and selectivity depend intensively on the size, shape,
and composition of the NPs as well as their support materials.
Nanocatalysis can be also considered as part of green science, because
nanocatalysts often allow to conduct chemical transformations in
environmentally friendly conditions.[24] This is possible, for instance, by
adopting magnetic nanocatalyst recovery, encapsulating nanocatalysts in
porous cavities of mesoporous materials and metal-organic frameworks,
and controlling the shapes of metal oxide NPs to enhance their catalytic
activities. Nanocatalysts without any support have limited practical
applications compared to their supported counterparts due to their less
stability and difficulties of recycling. The use of catalyst supports
provides effective opportunities for separation of the reaction product and
the catalyst. The nanocatalysts without
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any support

generally

agglomerate after a single use in catalytic reactions which causes rapid
activity decay. The aggregation of nanocatalysts reduces the active
surface area resulting in less effective chemical reactions. The major
problem for using nanocatalysts in industrial chemical processes is their
aggregation into less active large particles due to the high surface energy
of the NPs.[25] Because the supports strongly affect the activity of
nanocatalysts, numerous studies have been performed to improve the
properties of nanocatalyst supports. The most employed supports for
nanocatalysts are explained in next section of this dissertation.
Nanocatalysts have also found broad application in industries. They have
been used as active catalysts for carbon-carbon (C-C) and carbonheteroatom coupling reactions. The C-C coupling reactions such as Heck,
Sonogashira, Suzuki and Stille are essential in wide ranges of synthetic
chemistry and industries.[26] Designed nanocatalysts are also applied for
oxidation and hydrogenation reactions. Oxidation of alcohols is widely
recognized as a fundamental and critical transformation in both
laboratory and industrial chemistry because the reaction results in
carbonyl compounds that can serve as versatile solvents, polymer
precursors, fragrances, and intermediates for fine chemicals and
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pharmaceuticals.[27] The reforming of methane is a common industrial
practice for the production of hydrogen. Nanocatalysts are also useful in
the production of hydrogen as a feedstock for fuel cells, involving the
reforming of methanol, natural gas and also propane, gasoline, diesel fuel,
and ethanol. Bimetallic nanocatalysts comprising of platinum and tin
supported on alumina exhibit high production rates of hydrogen.[28]

1.3 Heterogeneous Catalytic Nanomaterials
The performance of heterogeneous catalysts is strongly dependent on the
choice of support materials and the method by which the active site is
distributed on the surface.[29] The reactivity of the active site will vary
depending on the nature of the supports. Successful support materials
should have the below mentioned characteristics, but are not limited to:
-

Chemical, thermal, and mechanical stability.

-

Large surface area and abundant surface functionalities.

-

Rapid mass transfer to reactants and products.

-

Interior/exterior surface areas that can be independently
functionalized.
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Of the wide range of catalyst supports, organic polymers represent one of
the most popular commercialized supports.[30] Polystyrene-type resins are
commonly synthesized by copolymerization of active monomer in the
presence of cross-linkers. In particular, porous polymer particles with
spherical shape have been utilized in catalysis applications.[31]

Figure 1.2. Overview of multistage approaches with the monomer
styrene. In the first stage monodisperse submicron seeds are prepared.
The second stage is suspension polymerization to obtain larger and
porous particles (Refs. 31).
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Inorganic solid supports, such as silica, zeolite, alumina, zirconia, clay
and etc., generally show higher thermal and mechanical resistances
compared with their organic counterparts. Zeolites and precious metal
modified zeolites are widely used as catalysts in the oil refining and
petrochemical industries for fluid catalytic cracking, hydrocracking,
gasoline and diesel reforming, lube oil hydroprocessing, olefin
oligomerization, production of light olefins, isomerization of xylene,
ethylbenzene production, and selective oxidation and etc. For example,
Figure 1.3 shows upgrading pyrolysis oil over Ni/HZSM-5 by cascade
reactions.[32]

Figure 1.3. Upgrading pyrolysis oil over Ni/HZSM-5 by cascade
reactions (Refs. 32).
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In spite of the large number of zeolite structures synthesized so far, the
size of the pores remains a strong limitation for their application in
transformation processes involving bulky molecules. This is particularly
true in the case of refining industry which is facing the non-trivial
problem of treating heavy feed stocks and residues, with the aim of
reaching the total conversion of the crude materials into valuable
products. Therefore, the availability of molecular sieves with void
dimensions in the range of mesopores (2-50 nm) should be an appropriate
solution to this problem.[33] Mesoporous silica supports are the most
popular matrixes for inorganic solid catalytic supports for the reason of
cost, large surface area and porosity, availability, mechanical robustness,
and synthesis. The mesoporous materials can be obtained by subsequent
removal of the surfactant by extraction or calcinations and be easily
functionalized. Such nanocomposite materials have been extensively
applied in various research areas including supporting and separation of
catalysts (Figure 1.4).
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50 nm

Figure 1.4. TEM image of mesoporous silica supported Pd NPs.

Magnetic

mesoporous

nanocomposite

materials

have

attracted

tremendous scientific and technological interest because magnetic
characteristics can be incorporated into mesoporous structures with large
pore volume, high surface area, and easy functionalization capability.[34]
Hyeon et al. reported a facile one-pot synthesis of a magnetically
recyclable mesoporous silica catalyst for acid-base tandem reactions. The
effect of pore size on the catalytic activity of the mesoporous materials
was also presented.[35] The magnetic mesoporous silica nanocomposite
materials were synthesized by combining the Massart method for
13

magnetite NPs and the previously reported synthetic procedure for
mesoporous acid-base catalysts (Figure 1.5). The catalyst showed
excellent performance with very high yield and selectivity for the
conversion of benzaldehyde dimethyl acetal to 1-nitro-2-phenylethylene
via benzaldehyde using tandem acid-catalyzed deacetalization and basecatalyzed Henry reaction. The designed catalyst could be easily recovered
by using a magnet and redispersed in subsequent reaction mixtures,
enabling recycling of the catalyst for up to five uses without losing
significant catalytic activity. Furthermore, comparative studies revealed
that the larger-pore-sized materials exhibited higher catalytic activity than
the smaller-pore-sized materials.
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Figure 1.5. One-pot synthesis of magnetically recyclable mesoporous
silica acid-base catalysts for tandem reactions.
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Among the various catalyst supports, carbon materials such as active
carbon, carbon nanotubes and graphene oxide are also widely used as
supports for active transition metals owning to their large surface area,
chemical inertness, and good mechanical stability.[36] Because supports
can strongly affect catalyst activity, numerous studies have been
conducted to modify the carbon supports in an effort to improve the
catalyst performances. First, the advancement in the materials synthesis
has made it possible to prepare carbon nanostructures with well-defined
morphologies (e.g., surface area and porosity). Typically, carbon
nanotubes and mesoporous carbon materials have been highlighted as
promising catalyst supports. Secondly, chemical modification of the
carbon surface has been explored to stabilize catalyst-support interactions.
Functional groups including hydroxyls, carboxyls and amines were
mostly introduced via ozonolysis, plasma activation, acid or base
treatment, and so forth. Doping of heteroatoms into carbon materials has
offered new opportunities for tailoring their chemical/physical properties.
The most notable example is nitrogen-doped carbon materials. The
nitrogenated sites in the carbon matrix would provide strong catalystsupport interactions in anchoring catalyst NPs onto the carbon support.
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1.4

Nanomaterial Catalysts Aggregation, Deactivation, Sintering,

and Thermal Degradation
Catalysts have only a limited lifetime. Some lose their activity very
quickly while others last for more than several years. The maintenance of
a catalyst activity for its maximum lifetime is of major economic
importance in industries.[37] A decline in activity during the process can
be the result of various physical and chemical factors such as blocking of
the catalytically active sites and loss of catalytically active sites due to
chemical, thermal and mechanical processes. Catalysts without a sturdy
support are generally unstable, and structural collapse or aggregation
occurs after a single use in catalytic reactions causing rapid catalytic
activity decay.[38] Catalytic intermediates may lose their activities as the
reaction progresses, because catalysts are often sensitive to changes in
acidity/basicity, temperature, pressure, harsh reaction conditions and
phase composition. In addition, as the conversion increases, products and
by-products can bind to the catalyst, thereby changing the preferred
reaction pathway. Such processes are known as deactivation, sintering,
inhibition, or poisoning. Catalyst deactivation is a general term for a
common situation in catalysis, where a catalyst becomes less active as the
17

reaction progresses. The activity also depends on specific shape, structure,
size and dispersion of catalysts. If these are destroyed via side-reactions
e.g. due to pH changes, oxidative degradation, increasing temperature, or
the formation of additional phases, the catalysts will be deactivated.
When catalysts are deactivated, the reaction profile deviates from the
ideal rate law. Many deactivation processes are very complicated and it is
difficult to incorporate them into the kinetic scheme. Although it sounds
trivial, switching to a more stable catalyst is still the best way of avoiding
deactivation problems. Deactivation may seem less important, but
designing effective catalysts hinges on our understanding of the various
deactivation processes.
Catalyst deactivation via thermal degradation or sintering is a common
phenomenon in the heterogeneous catalysis. At high temperatures or
corrosive reaction conditions the support pore structure may collapse, and
the size and shape of the metal crystallites can change. This decreases
both the catalysts surface area and the number of active sites.
Nanocatalysts tend to lose atoms this way, because they have a higher
surface area and correspondingly a higher proportion of atoms at highenergy sites. Thus, the big clusters get bigger and the small clusters
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become even smaller (Figure 1.6). Conversely, in the crystallite migration
model, entire metal crystallites migrate on the support surface, collide,
and coalesce. Sintering is a complex process and it depends on
temperature, support composition, support porosity, type of active metal,
and surrounding atmosphere.
The catalysts poisoning is basically a bad case of inhibition. When an
inhibitor bonds irreversibly to the catalysts, it poisons the catalysts. If
there is enough poison, the catalytic cycle will grind to a halt. In the
heterogeneous catalysis there are differences between permanent poisons
and temporary poisons. For the latter, the catalyst can be regenerated,
usually by recalcining. Like sintering and inhibition, poisoning depends
on temperature and reaction conditions. Poisons can be selective for a
certain catalyst or for certain reactions. Coke, sulfur, and phosphorus are
common poisons in catalytic processes.[39]
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Figure 1.6. Deformation and aggregation of catalysts on supports.

1.5 Recyclability of Heterogeneous Catalytic Systems
Reusability and durability of the catalysts are very important criteria for
practical applications. Although the NPs catalysts dispersed in the
reaction mixtures can be usually isolated by several methods such as
centrifugation, the separation and recycling of these catalysts are very
complicated. In addition, these catalytic reactions need typical work-up
steps to isolate the product from the mixture, and the reusability of the
catalyst becomes difficult. To solve these problems, a number of
strategies have been investigated. As they were mentioned before, the
immobilization of catalysts NPs on solid supports has attracted a lot of
attentions to circumvent recycling and instability problems of
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nanocatalysts. These heterogeneous systems require a filtration step to
recover the catalysts. Among the various nanostructured materials,
magnetic NPs have attracted growing interests owing to their unique
properties and potential applications in various fields including isolation
and recycling of the expensive nanocatalysts. Magnetic NPs eliminate the
necessity of catalyst filtration after completion of reactions, and offer a
convenient approach for recycling catalyst NPs by applying an
appropriate magnetic field. This procedure can also prevent the
aggregation of the nanocatalysts during recovery, and increase the
durability of the magnetic supported nanocatalysts.[40] It is an important
issue to develop economical and scalable approaches for preparing highly
active, recyclable and stable nanocatalysts to perform green chemical
processes and reduce the manufacturing cost. Recently, hybrid
nanocomposites

with

magnetic

core-shell

nanostructures

have

increasingly attracted attentions in heterogeneous catalytic reactions. In
2007, Hyeon’s group demonstrated the magnetically recyclable and
efficient nanocomposite catalysts for the epoxidation of olefins. The
nanocomposite catalysts were consisted of MoO2 NPs inside of
mesoporous silica shells that are coated on dense silica-coated magnetite
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NPs.[41] The designed nanocomposite catalysts exhibited excellent
efficiency and recyclability for the epoxidation of alkenes (Figure 1.7).

Figure 1.7. Magnetically recyclable nanocomposite catalysts for
epoxidation of alkenes.
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1.6 Dissertation Overview
Heterogeneous nanomaterial catalysts have attracted growing research
interest because of their practical applications. The purpose of this
dissertation is to provide a broad perspective, synthesis and catalytic
applications of heterogeneous nanomaterial catalysts designed and
developed for improved catalytic transformations. In this dissertation, the
synthesis of noble nanocomposite catalysts, solid supported nanomaterial
catalysts and magnetically retrievable core-shell nanocatalysts and their
catalytic applications will be addressed.
This dissertation is composed of four chapters. The first chapter covers
the introduction to designed nanomaterials successfully used as active
catalysts. The discussions on the heterogeneous catalytic nanomaterials,
nanocatalysts in catalytic transformations, reactivity and deactivation of
heterogeneous catalysts and recyclability of the heterogeneous systems
are made. In Chapter 2, a simple and gram scale synthesis of
magnetically recyclable hollow nanocomposite catalysts are discussed.
The explanations about the synthesis, characterization and successful
applications of these nanomaterial catalysts for different chemical
reactions such as heterogeneous reduction of nitroarenes and Suzuki
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cross-coupling reactions are presented. Chapter 3 describes an
economical and scalable procedure for the preparation of carbon
nanocomposite catalysts by combining magnetic NPs, nitrogen-doped
porous carbon support and ~3 nm-sized catalyst NPs of Pd or Pt. The
designed nanocomposite catalysts provide excellent catalytic activities
for reduction of nitroaromatics and Suzuki cross-coupling reactions.
Finally, Chapter 4 explains the designed fabrication of magnetically
recyclable core-shell nanocatalysts for the efficient oxidation of alcohols
under base-free reaction conditions in water. The designed nanocatalysts
can be readily synthesized on a large scale and be reused for five
consecutive cycles of the oxidation of cycloheptanol. These novel
approaches might find potential applications in other types of
nanocatalyzed organic transformations.
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Chapter 2. Magnetically Recyclable Hollow Nanocomposite Catalyst
for Heterogeneous Reduction of Nitroarenes and Suzuki
Reaction

2.1 Introduction
The fabrication of hollow nanostructures has recently attracted significant
attention and has been wildly applied in many important research fields
such as adsorption and energy storage.[1] Hollow metal nanocapsules
provide increased surface area, low density, and self-supporting capacity
compared to their solid counterparts.[2] Hollow mesoporous structures
incorporated with catalytically active nanoparticles (NPs) represent
powerful catalytic activity and therefore produce promising applications
as nanoreactors for catalytic reactions.[3] These hollow nanostructures are
typically prepared by coating the surface of colloidal particles (e.g., silica
or polymer beads) with thin layers of the desired transition metal
precursors, followed by selective removal of the colloidal templates
through calcinations or wet chemical etching.[4] However, these
complicated approaches are not practical from a large scale production
viewpoint which is particularly important for industrial applications.[5]
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Hollow nanostructure catalysts are generally unstable, and structural
collapse happens after a single use in catalytic reactions causing rapid
catalytic activity decay.[6] Furthermore, these catalytic systems require a
filtration or centrifugation step or a tedious workup of the final reaction
mixture to recover the catalyst.[7] Therefore, exploring facile economical
methods to prepare stable, scalable, and recyclable hollow nanostructures
as catalyst supports is an important issue.[8] A strategy to circumvent this
problem is the exploitation of self-assembly processes. Among the
various methods of separating catalysts, magnetic NPs eliminate the
necessity of catalyst filtration after completion of reactions, and offer a
convenient approach for recycling catalyst NPs by applying an
appropriate magnetic field. This procedure can prevent the aggregation of
the nanocatalyst during recovery, and increase the durability of the
catalysts.
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2.2 Experimental Section
Characterization
Transmission electron microscope (TEM) and high resolution TEM
(HRTEM) images were obtained using a JEOL EM-2010 microscope at
an acceleration voltage of 200 kV. Inductivity coupled plasma atomic
emission spectrometer (ICP-AES, Shimadzu ICPS-7500 Japan) was used
for the elemental analysis. X-ray photoelectron spectroscopy was
performed to collect core level spectra of Pd (3d) and Rh (3d) using Al
Kα source (Sigma probe, VG Scientifics). Powder X-ray diffraction was
obtained with a Rigaku D/Max-3C diffractometer, equipped with a
rotating anode and a Cu Kα radiation source (λ= 0.15418 nm). FE-SEM
images were obtained on a JEOL JSM-6700F. The surface area and pore
size were measured using micromeritics surface area measurement
analyzer (ASAP 2000). Elemental analysis was performed by Elemental
Analyzer using CHNS-932 (LECO Corp). The products of the catalytic
reactions were analyzed using gas chromatography mass spectrometers
(GC-MS) by an Agilent Technologies 5975C VLSMD with a triple-axis
detector and a Hewlett Packard 5973 mass selective detector GC-MS.

35

Synthesis of magnetically recyclable hollow nanocomposite catalysts
The hollow iron hydroxide nanostructure (β-FeOOH) was prepared by a
simple one-pot reaction. A carbon precursor, pyrrole, was introduced to
the ongoing reaction and chemically polymerized by palladium(II) nitrate
as an oxidant. Then, magnetically recyclable hollow nanostructure
catalyst was prepared via calcination of the synthesized nanocomposites.
In a typical synthesis, iron(III) chloride hexahydrate (FeCl3 5.4 g) was
added to sodium dodecyl sulfate (SDS) solution (400 mL, 0.5 wt% in a
1:1 mixture of water and ethanol). After stirring for 1 h, the resulting
mixture was heated to 80 °C for 5 h and stirred for another 12 h at room
temperature. 0.5 g of palladium(II) nitrate hydrate was directly added
without any isolation or washing step. While vigorous stirring, 0.2 mL of
pyrrole was added, and the mixture was stirred. The resulting mixture
was filtered and washed to yield a black solid. Then, the sample was
heated at a rate of 0.9 °C/min to 300 °C under Ar atmosphere and kept at
that temperature for 5 h. The product was calcined at 200 oC for 2 h
under hydrogen gas flow to produce highly active magnetically
recyclable hollow nanocomposite Pd catalyst.
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2.3 Results and Discussion
An economical scalable method is developed by combining magnetic and
hollow structure properties for the synthesis of magnetically recyclable
hollow nanocomposite catalyst. The designed nanocomposite catalysts
provide excellent catalytic activities for reduction of nitroarenes and
Suzuki cross-coupling reactions. The overall synthetic procedure is
represented in Scheme 2.1. The intermediate and final products were
characterized by transmission electron microscopy (TEM), and X-ray
diffraction (XRD). The low- and high- resolution TEM

images

of

iron hydroxide nanostructures (Figure 3.1a and b) show that they are
spherical with diameter ranging from 300 nm to 500 nm with hollow
interior.
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Scheme 2.1. Synthetic procedure of to the magnetically recyclable
hollow nanocomposite catalysts.

Figure 2.1. Low magnification (a) and high magnification (b) TEM
images of hollow iron hydroxide nanostructures.

As shown in Figure 2.2a and b, the TEM images of the Pd NPs on
magnetically recyclable hollow nanocomposite reveal that they are
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loaded uniformly with an average size of ~3 nm on the carbon shell.
Field emission scanning electron microscopy (FESEM) image also
demonstrates the hollow interior of nanocomposite with a rough surface
(Figure 2.3).

Figure 2.2. Low magnification (a) and high magnification (b) TEM
images of the hollow nanocomposite Pd catalysts.
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Figure 2.3. FESEM image of magnetically recyclable hollow
nanocomposite catalyst.

The carbon coating with a thickness of ~25 nm keeps the hollow
nanocomposite stable from the structural collapse during the calcination
step and catalytic reactions. In addition, the porous carbon layer is
permeable to organic reagents and improves the diffusion of
substrates/products. Nitrogen-containing carbon also enhances the
interaction between catalyst NPs and carbon surface.
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The well-defined carbon matrix can serve as a shield and stabilize
catalyst NPs for maintaining their activities in harsh reaction conditions
such as temperature alteration, stirring and shaking.[8] TEM studies show
that aggregation of Pd NPs is inevitable if they are directly loaded on
hydroxide platform (Figure 2.4). CHN elemental analysis provided the
composition of C (19%), and N (4.1%).

Figure 2.4. Low magnification (a) and high magnification (b) TEM
images of Pd NPs loaded on hollow nanocomposite without carbon.
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Figure 2.5. Low (a) and high (b) resolution TEM images of the sectioned
magnetically recyclable hollow nanocomposite catalysts.

Figure 2.6. XRD pattern of hollow iron hydroxide (a) and magnetically
recyclable hollow nanocomposite catalysts (b).
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Figure 2.7. Field-dependent magnetization of the hollow nanocomposite
catalyst at 300 K.

The microtome-sectioned TEM images of the hollow nanocomposite
catalyst (Figure 2.5a and b) clearly show the hollow interior and Pd NPs
on the carbon layer. The XRD patterns (Figure 2.6) revealed that βFeOOH was transformed to magnetite through the calcination. The
magnetic behavior of the nanocomposite catalyst was investigated using a
superconducting quantum interference device (SQUID) magnetometer.
The field-dependent

magnetization curve at
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300 K represents

superparamagnetic characteristics (Figure 2.7). The existence of Pd NPs
in hollow nanocomposite was confirmed by X-ray photoelectron
spectroscopy (XPS) analysis (Figue 2.8a). Energy-dispersive X-ray
spectroscopy (EDX) data ascertained the composition of magnetically
recyclable hollow nanocomposite catalysts (Figure 2.8b).
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Figure 2.8. (a) XPS analysis of Pd 3d scan for magnetically recyclable
hollow nanocomposite Pd catalyst. (b) EDX spectrum of the magnetically
recyclable hollow nanocomposite Pd catalyst.
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Figure 2.9. N2 adsorption/desorption isotherms of magnetically
recyclable hollow nanocomposite catalyst. The inset shows pore size
distribution.

The nitrogen adsorption/desorption isotherms and pore size distributions
(Figure 2.9) of hollow nanocomposite catalyst reveal the slit shaped pores
between plate-like particles in Fe3O4 layer, which are identified in TEM
images. The BET surface area and total pore volume of the
nanocomposite are 77.4 m2 g-1 and 0.3405 cm3 g-1, respectively.
Considering the high density of iron oxide, the designed hollow
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nanocomposite provides high surface area and accommodates large
amounts of small Pd NPs catalyst, thus making the catalyst highly active.
In order to understand the formation process of the hollow nanostructure,
the samples at the different temperatures during the synthesis were
collected and characterized by TEM. As shown in Figure 2.10a, SDS,
anionic surfactant, and Fe3+ ion formed fibrous structure before heating.
At the early stage after the heating, these fibrous structures agglomerated
(inset of Figure 2.10b), and then they were organized into spherical shape
with inner lamellar structure (Figure 2.10c). As temperature increases,
first needle-like structure spheres appeared (Figure 2.10d) and finally the
structure became hollow (Figure 2.10e). From this point, the morphology
of the product remained nearly unchanged. The microtome-sectioned
TEM images of the needle-like porous (Figure 2.10f) and hollow
nanocomposites (Figure 2.5) clearly show the nanoporous and hollow
interiors of the synthesized structures. We performed several control
experiments to understand the formation mechanism. When we
conducted the synthesis without using SDS, β-FeOOH rods were
obtained

instead

of

the

hierarchical

structure

(Figure

2.10g),

demonstrating that SDS is a key material for the formation of sea urchin-
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like structure. When pure water instead of water-ethanol mixture was
employed as a solvent, lamellar structure was generated (Figure 2.10h).

Figure 2.10. TEM images of collected samples at different temperatures
during the formation of hollow nanostructure (a) before heating, (b) at 40
C, (c) at 50 oC, (d) at 60 oC, (e) at 80 oC. (f) Microtome-sectioned TEM

o

image of the needle-like porous nanostructure. (g) TEM image of βFeOOH rods synthesized in the absence of SDS. (h) TEM image of
lamellar structure synthesized in pure water.
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To verify the potential and efficiency of the designed nanocomposite as
an active catalyst, Suzuki cross-coupling reaction was chosen as a model
reaction.[9] The Pd loading on the nanocomposite, measured by ICP-AES,
was found to be ~1.7 wt%. We first investigated the use of various
solvents in order to find the most appropriate conditions for the
heterogeneous Suzuki coupling of iodobenzene with phenylbronic acid
using 1 mol% of the Pd catalyst. The yield of reaction proved to be
significantly solvent-dependent, with 3:1 volume ratio of DMF/H2O
giving the best results (Table 2.1).
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Table 2.1. Effect of solvents on the Suzuki reaction of iodobenzene and
phenylboronic acid.a

Entry

1

Solvent
DMF/H2O
(3:1)
DMF/H2O

2
3
4

a

(2:1)
DMF/H2O
(1:1)
DMA/H2O
(3:1)

Time (h)

T (oC)

Yield (%)b

1.5

100

97

1.5

100

85

1.5

100

70

1.5

100

93

5

DMF

1.5

100

35

6

DMA

1.5

100

25

7

H2O

1.5

100

0

Reaction conditions: 0.5 mmol iodobenzene, phenylboronic acid (0.6

mmol), Pd catalyst (1 mol %), K2CO3 (1.5 mmol), solvent 10 ml, 100 °C.
b

The yields were determined by GC-MS with respect to an internal

standard (decane).
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Table 2.2. Heterogeneous Suzuki cross-coupling reaction of aryl halides
with phenylboronic acid.a

Entry

Aryl halides

Product

Yield (%)b

1.5

97

1.5

96

1.5

93

1.5

92

1.5

93

1.5

91

4

97

I

Time (h)

1
I

2
I

3
I

O
C
H3

O
C
3
H

4

I

5
I
u
B
t

u
B
t

6

r
B

7

51

r
B

8

95

4

91

4

93

4

95

4

92

r
B

4

9
r
B

10
r
B

C
N

C
N

11

r
B

12

a

Reaction conditions: Aryl halides (0.5 mmol), phenylboronic acid (0.6

mmol), Pd catalyst (1 mol %), K2CO3 (2 mmol), DMF/H2O (3:1), 100 °C.
b

The yields were determined by GC-MS analysis using internal standard

(decane).
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To extend the scope of this heterogeneous catalytic reaction, we screened
the coupling of several representative arylhalides with phenylboronic
acid under the optimized conditions. As shown in Table 2.2, the reaction
of aryliodides and bromides with phenylboronic acid gave almost
quantitative yields in 1.5 and 4 h, respectively. The nanocomposite Pd
catalyst presented higher catalytic activity than commercially available
Pd/C catalyst with polydisperse distribution. The commercial catalyst
provided much lower yield (39%) when it was used in Suzuki reaction of
iodobenzene with phenyl boronic acid under the identical reaction
conditions. We further examined the reaction of various arylboronic acids
with iodobenzene in DMF/H2O. The reactions proceeded readily to afford
the respective biaryls with high yields within 1.5 h. The hydrolysis of
arylboronic acids generally occurs in Suzuki cross coupling reactions and
causes decrease in the product yields.[10] However, the reactions of the
arylboronic acids with iodobenzene using the nanocomposite Pd catalyst
were performed successfully in DMF/H2O.
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The designed magnetically recyclable nanocomposite can be easily used
as a general platform to load other noble metal catalyst NPs such as
rhodium, which can be utilized for reduction of nitro compounds to
amines. The reduction of nitro aromatics is an important chemical
reaction because organic amines are intermediate materials for the
production of pharmaceuticals, and polymers.[11] We synthesized
magnetically recyclable nanocomposite with Rh catalyst using a similar
approach to prepare nanocomposite Pd catalyst. TEM images of this
catalyst show that Rh NPs are uniform with an average size of ~2 nm
(Figure 2.11). The presence of Rh NPs on the nanocomposite was
verified by XPS analysis (Figure 2.12a). The EDX of the nanocomposite
Rh catalyst indicates that the Rh species are successfully immobilized on
the nanocomposite (Figure 2.12b).
We investigated the catalytic activity of the Rh catalyst for the reduction
of structurally diverse nitro compounds. Table 2.2 confirms that the Rh
nanocrystals have excellent activities for nitro reduction. Although the
selective reduction of a nitro group in organic compounds containing
other reducible functional groups is a challenging reaction, the nitro
group of nitroarenes with different functional groups using the
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nanocomposite Rh catalyst was selectively reduced to the amino moiety
(Table 2.3, entries 2-5). The halogen functional groups remained intact
under the reaction conditions.

Figure 2.11. Low magnification (a) and high magnification (b) TEM
images of magnetically recyclable hollow nanocomposite Rh catalyst.
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Figure 2.12. (a) XPS analysis of Rh 3d scan for magnetically recyclable
hollow nanocomposite Rh catalyst. (b) EDX spectrum of magnetically
recyclable hollow nanocomposite Rh catalyst.
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Table 2.3. Heterogeneous reduction of substituted nitrobenzene with
hydrazine.a

Entry

Substrate

Yield (%)b

Product
H
N

2

2

O
N

1

99
H
N

2

2

O
N

2

2

H
N

O
N
2

H2
N

O
N

H
N

2

2

O
N

94

O
H

O
H

5

99

I

I

4

98

r
B

r
B

3

99

l
C

l
C

2

2

2

H
N

O
N

6

95
2

2

H
N

O
N

7

a

91

Reaction conditions: 0.5 substituted nitrobenzene, hydrazine (2 equiv.),

Rh catalyst (1 mol %), EtOH, 80 °C, 2.5 h.
b

The yields were determined by GC-MS using an internal standard.
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Table 2.4. Magnetic separation and recycling of the catalyst in
heterogeneous reduction of nitrobenzene with hydrazine.a

a

Cycle

1st

2nd

3rd

4th

5th

Yield of productb

99

99

97

95

96

Reaction conditions: 0.5 nitrobenzene, hydrazine (2 equiv.), Rh catalyst

(1 mol %), EtOH, 80 °C, 2.5 h.
b

The yields were determined by GC-MS using an internal standard.

We investigated magnetic separation and recycling of the nanocomposite
Rh catalyst, which was successfully reused for five consecutive cycles of
the reduction of nitrobenzene with no major loss of activity (Table 2.4).
Upon completion of the reaction, the catalyst was easily separated using a
magnet, and reused in the next reaction.
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When we examined the magnetic separation and durability of the Pd
catalyst in the Suzuki coupling of bromobenzene with phenylboronic acid,
there was a small decrease of the activity after each recycling of the
catalyst (Table 2.5). The viscosity of DMF used as solvent in Suzuki
coupling is lower than EtOH. Therefore, the small decline of catalytic
activity seems to result from incomplete magnetic separation of the
catalyst during the consecutive recycling. The ICP-AES analysis showed
that 2.1% of Pd species remained in the reaction solution. Magnetically
recyclable hollow nanocomposite catalyst can be readily synthesized in a
large scale using a simple process. For example, when larger amount of
starting materials (´5) were used, ~2.3 g of the nanocomposite catalyst
could be obtained by one batch synthesis (Figure 2.13).
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Table 2.5. Magnetic separation and recycling of the catalyst in Suzuki
cross-coupling reaction.a

a

Cycle

1st

2nd

3rd

4th

5th

Yield of productb

97

94

91

89

87

Reaction conditions: 0.5 mmol bromobenzene, phenylboronic acid (0.6

mmol), Pd catalyst (1 mol %), K2CO3 (2 mmol), DMF/H2O (3:1), 100 °C,
4 h.
b

The yields were determined by GC-MS with respect to an internal

standard (decane).
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Figure 2.13. Photograph of scale up synthesis for magnetically
recyclable hollow nanocomposite Pd catalyst.
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2.4 Conclusions
In conclusion, we have described a highly active magnetically recyclable
hollow nanocomposite catalyst prepared by a simple, economical, and
scalable synthetic process. The designed nanocomposite with a high
surface area accommodates large amounts of small catalyst NPs
providing high catalytic activity. Variable catalyst NPs such as Pd, Pt, and
Rh can be loaded on the nanocomposite for different catalytic reactions.
The efficiency of the nanocomposite was verified in reduction of
nitroarenes and Suzuki reactions providing excellent yields. The
magnetic properties of the nanocomposite can be readily utilized for the
easy recovery and recycling of the catalyst. The catalysts could be reused
for five consecutive cycles in reduction of nitrobenzene and Suzuki
coupling of bromobenzene.
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Chapter 3. Magnetically Separable Carbon Nanocomposite Catalysts
for Efficient Nitroaromatic Reduction and Suzuki CrossCoupling Reactions

3.1 Introduction
Catalysts play important roles in various fields such as oil refining, fine
chemicals and pharmaceutical productions, and energy conversions.[1]
Catalysts are generally classified into two types: homogeneous and
heterogeneous catalysts.[2] Homogeneous catalysts have the advantage of
being dissolved in reaction medium, thus providing mild reaction
conditions, and higher activities and selectivities compared to their
heterogeneous counterparts.[3] For example, homogeneous palladium
catalysts have been widely used in various coupling reactions such as
Heck, Stille, Suzuki, Sonogashira, and Buchwald-Hartwig reactions.[4]
These catalysts, however, are of somewhat limited use in the industry due
to the difficulties in separating the products contaminated with residual
unstable complexes and recycling the expensive catalysts.[5] These
catalytic reactions need typical work-up steps to isolate the product from
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the mixture, and the reusability of the catalyst becomes complicated.[6]
Consequently, typical industrial heterogeneous catalysts are composed of
supported metal nanoparticles owing to their advantages of recovering
and reusing of the catalysts.[7] However traditional micrometer-sized
heterogeneous catalysts generally suffer from low catalytic activities due
to the slow diffusion of reactants. [8] Accordingly, heterogeneous catalytic
reactions generally require more severe conditions than those of
homogeneous catalysts.[9] Recent advancements in the synthesis of
uniformly sized nanoparticles offer numerous opportunities to improve
the catalytic performance.[10] Although nanoparticle-based catalysts
(nanocatalysts), which are often considered as a bridge between
homogeneous and heterogeneous catalysts, have high catalytic activities
because of their high surface-to-volume ratio, they suffer from several
drawbacks such as recovery and

instability at

high reaction

temperatures.[11] Furthermore nanocatalysts without any support are
usually unstable, and coagulation is inevitable. These facts have
motivated continuous research efforts for the developments of highly
active and sustainable nanocomposite catalysts.[12]
Of the wide range of catalyst supports, porous carbon materials have

67

been extensively employed in heterogeneous catalysis because of their
desirable properties including permeable pores, chemical inertness, and
good mechanical stability.[13] Because the supports strongly affect the
activity of catalyst nanoparticles (NPs), numerous studies have been
performed to modify the properties of carbon supports. Nitrogen doping
of carbon materials improves chemical/physical properties.[14] In
particular, the nitrogenated sites are known to enhance the interaction
between nanocatalysts and support. Furthermore, it is an important issue
to develop economical and scalable approaches for preparing recyclable
porous carbon nanocomposites.
Magnetic separation, among the various procedures for removing
catalysts, obviates the requirement of catalyst filtration after the
completion of reactions and provides a facile technique for recycling
nanocatalysts by using a magnet.[15] This method minimizes the
possibility of nanocatalyst aggregation during recovery and improves the
durability of the catalysts. The efficiency of the heterogeneous
nanocatalysts also depends on the size, shape, composition and their
interaction with supports.[16] Recently various nanoparticles were
immobilized in porous nanocomposite supports for fabrication easily
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recoverable and highly active catalysts.[17] Herein we report an
economical scalable procedure to synthesize magnetically retrievable
carbon nanocomposite catalysts by combining magnetic NPs, nitrogendoped porous carbon support and 3 nm-sized catalyst nanoparticles of Pd
or Pt. The designed carbon nanocomposite catalysts provide excellent
catalytic activities for reduction of nitroarenes and Suzuki cross-coupling
reactions.
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3.2 Experimental Section
Characterization
The loading amount of palladium and platinum in the magnetically
recyclable nanocomposite catalysts was measured by inductively coupled
plasma-atomic emission spectrometry (ICP-AES, Shimadzu ICPS-7500
Japan). The intermediates and final nanocomposite catalyst materials
were characterized by transmission electron microscopy (TEM), X-ray
photoelectron spectroscopy (XPS), High resolution powder X-ray
diffraction

(HRXRD),

X-ray

fluorescence

(XRF)

spectrometry,

attenuated total reflection infrared spectroscopy (ATR-IR) and CHN
elemental analysis. TEM images were obtained using a JEOL JEM-2010
microscope. High resolution TEM (HRTEM) images were obtained using
a JEOL JEM-3010 microscope equipped with energy-dispersive X-ray
spectroscopy (EDX) detector at an acceleration voltage of 200 kV.
Scanning transmission electron microscopy (STEM) and High resolution
STEM (HRSTEM) images were acquired using a JEOL JEM-2100F. The
mi-micromeritics 3 Flex-surface characterization analyzer was used to
measure the physisorption isotherms and surface area of the magnetically
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recyclable nanocomposite catalysts. ICP-AES was used for the elemental
analysis using a Shimadzu ICPS-7500 Japan instrument. XPS was
performed to collect core level spectra of Pd (3d) and Pt (4f) scans using
Al Kα source (Sigma probe, VG Scientifics). HRXRD was obtained by a
Bruker D8 Advance instrument. XRF spectrometry was recorded by a
Bruker AXS S4 pioneer. The IR spectra were recorded with an ATR-IR
Perkin Elmer spectrometer frontier. The products of the catalytic
reactions were analyzed by gas chromatography mass spectrometers
(GC-MS) using an Agilent Technologies 5975C VLSMD with triple-axis
detector and a Hewlett Packard 5973 mass selective detector GC-MS.

Synthesis of iron oxide NPs
In a typical synthesis of iron-oleate complex, 10.8 g of iron chloride
(FeCl3·6H2O, 40 mmol) and 36.5 g of sodium oleate (120 mmol) were
dissolved in a mixture solvent composed of 80 ml ethanol, 60 ml distilled
water and 140 ml hexane. The resulting solution was heated to 70 °C and
kept at that temperature for 4 h. Then, the upper organic layer containing
the iron-oleate complex was washed three times with distilled water in a
separatory funnel. After washing, hexane was evaporated off resulting in
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iron-oleate complex in a waxy solid form. The synthesized iron-oleate
complex (36 g, 40 mmol) and 5.7 g of oleic acid (20 mmol) were
dissolved in 200 g of 1-octadecene at room temperature. The reaction
mixture was heated to 300 °C with a constant heating rate of 3.3 °C min–1
and then kept at that temperature for 1 h. The resulting solution
containing the nanocrystals was then cooled to room temperature and 500
ml of ethanol was added to the solution to precipitate the nanocrystals.
The nanocrystals were separated by centrifugation and dispersed in
chloroform.

Synthesis

of

magnetically

recyclable

polymer

and

carbon

nanocomposite catalysts
In a typical synthesis, 0.5 g of Fe3O4 NPs was dispersed in 400 ml of
chloroform and stirred at room temperature for 15 min. To this solution
10 ml pyrrole was directly added. While stirring vigorously 400 mg of
palladium(II) acetate dissolved in 30 ml of CHCl3 was added dropwise
and the mixture was stirred for 8 h at room temperature to yield the
magnetically recyclable polymer composite catalyst. The product was
isolated by centrifugation and washed several times with chloroform.
72

Finally the product was carbonized at 400 oC for 4 h under hydrogen gas
flow to produce the magnetically recyclable carbon composite catalyst.

Heterogeneous

Suzuki

cross-coupling

reactions

catalyzed

by

nanocomposite Pd catalyst
Magnetically recyclable nanocomposite Pd catalyst (1 mol%) was added
to a round-bottom flask (25 ml) and dispersed in dimethylformamide
(DMF)/H2O (2:1) mixture. Then, aryl halide (0.5 mmol), aryl boronic
acid (0.6 mmol), K2CO3 (1.5 mmol), and a small stirring bar were added
to the round-bottom flask. The flask containing reaction mixture was
placed in an oil bath (100 oC) and stirred under air atmosphere. After
completion of reaction, the mixture was cooled to room temperature and
the nanocomposite Pd catalyst was separated using a magnet. The
separated catalysts were washed several times with DMF. Finally the
products were analyzed by a GC-MS.
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Heterogeneous reduction of nitroarenes catalyzed by nanocomposite
Pt catalyst
The reduction of nitroarenes was carried out in a 25 round-bottom flask.
In a typical procedure, 1 mol% of magnetically recyclable nanocomposite
Pt catalyst was dispersed in EtOH. Then, nitrobenzene (0.5 mmol),
hydrazine (2 equiv.), and a small stirring bar were added to the flask. The
flask containing reaction mixture was placed in an oil bath (80 oC) and
stirred under air atmosphere. After completion of reaction, the mixture
was cooled to room temperature and the nanocomposite Pt catalyst was
separated using a magnet. The separated catalysts were washed several
times with EtOH. The products were analyzed by a GC-MS.
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3.3 Results and Discussion
The overall synthetic procedure to prepare magnetically recyclable
carbon nanocomposite catalysts is illustrated in Scheme 3.1 Polymer
nanocomposite was first prepared via a redox reaction between pyrrole
and Pd(OAc)2 in the presence of iron oxide NPs. Pyrrole monomers can
be chemically polymerized using palladium(II) acetate as an oxidizing
agent. Subsequently the magnetic carbon nanocomposite Pd catalyst was
prepared via carbonization of the synthesized polymer nanocomposite.
This procedure provides direct chemical reduction of palladium ions
during pyrrole oxidation so that it incorporates the Pd NPs inside the
polymer

matrix

and

subsequently

the

carbon

nanocomposite.

Consequently relatively uniform 3 nm-sized Pd nanocatalysts are
embedded and stabilized in an N-doped carbon framework.
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Scheme 3.1. Synthetic procedure of the magnetically recyclable carbon
nanocomposite Pd catalyst.

Developing a simple method to produce a large amount of hybrid
nanocomposites is very challenging because each constituent material has
different physicochemical properties and requires different reaction
conditions. We conducted several control experiments to optimize the
synthetic conditions. The iron oxide NPs for magnetic separation are
generally dispersible in organic solvents such as CHCl3. After performing
several control reactions, we found that among various palladium(II)
precursors, only Pd(OAc)2 is soluble in chloroform, enabling a one-phase
reaction without agglomeration.
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(a)

(b)

20 nm

20 nm

(c)

20 nm

Figure 3.1. (a) TEM image of Fe3O4 NPs. (b) TEM image of polymer
nanocomposite Pd catalyst. (c) TEM image of carbon nanocomposite Pd
catalyst.

TEM images (Figure 3.1a) of the magnetic iron oxide NPs synthesized
showed that they were uniform and spherical with an average diameter of
18 nm. The TEM images of the Pd NPs in the polymer and carbon
nanocomposite catalysts revealed that they were relatively uniform with
an average size of 3 nm (Figure 3.1b, and c). As shown in Figure 3.2a,
the STEM images of the carbon nanocomposite Pd catalyst indicated a
distinct contrast of Pd and Fe3O4 NPs incorporated in the carbon matrix.
In addition, the HRTEM images of carbon nanocomposite Pd catalyst
clearly showed the porous carbon matrix which is an important parameter
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for accessibility of reactants to the nanocatalysts (Figure 3.2b).

Figure 3.2. (a) STEM image of carbon nanocomposite Pd catalyst. (b)
HRTEM image of porous carbon matrix.

The presence of palladium NPs in the carbon nanocomposite was verified
by XPS analysis (Figure 3.3a). EDX data also revealed that the catalysts
are composed of carbon and palladium (Figure 3.3b). The ATR-IR
spectrum of the polypyrrole nanocomposite catalyst exhibited strong
characteristic vibration peaks of ring, C ̶
N, and C ̶
H stretching at 1557,
1417, and 930 cm-1, respectively. The magnetic property of the carbon
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nanocomposite Pd catalyst was investigated using a superconducting
quantum interference device (SQUID) magnetometer. The fielddependent magnetization curve at 300 K revealed superparamagnetic
behavior (Figure 3.4a). The HRXRD pattern revealed that the
nanocomposite Pd catalyst is composed of Fe3O4 and Pd NPs (Figure
3.4b). The XRF spectrum revealed that the nanocomposite Pd catalyst is
composed of carbon, iron and palladium (Figure 3.4c). In addition, CHN
elemental analysis showed the composition of C (38.4%) and N (7.5%).
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Figure 3.3. (a) XPS analysis of Pd 3d scan. (b) EDX spectrum of the
carbon nanocomposite Pd catalyst.
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The catalytic performance of the magnetically recyclable carbon
nanocomposite Pd catalyst was investigated in Suzuki cross-coupling
reactions. To make the reaction conditions greener we screened various
organic/water mixtures as the solvent in the cross-coupling of
iodobenzene with phenylboronic acid with 1 mol% of the catalyst. The
yield of this heterogeneous catalytic reactions was found to be solventdependent with 2:1 volume ratio of DMF/H2O giving the highest yield
(Table 3.1). We next tested the coupling of iodobenzene with
phenylboronic acid in the presence of various bases, and the best
performance was obtained with K2CO3 (Table 3.2).
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Figure

3.4.

(a)

Field-dependent

magnetization

of

the

carbon

nanocomposite Pd catalyst. (b) HRXRD pattern of magnetically
recyclable carbon nanocomposite Pd catalyst. (c) XRF spectrum of the
magnetically recyclable nanocomposite Pd catalyst.
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Table 3.1. Effect of solvents on the Suzuki reaction of iodobenzene and
phenylboronic acid.a

a

Entry

Solvent

Time (h)

T (oC)

Yield (%)b

1

DMF/H2O (3:1)

1.5

100

97

2

DMF/H2O (2:1)

1.5

100

97

3

DMF:H2O (1:1)

1.5

100

80

4

DMF

1.5

100

25

5

H2O

1.5

100

0

Reaction conditions: 0.5 mmol iodobenzene, phenylboronic acid (0.6

mmol), carbon nanocompsoite Pd catalyst (1 mol %), K2CO3 (1.5 mmol),
solvent 10 ml, 100 °C.
b

The yields were determined by GC-MS with respect to an internal

standard (decane).
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To

extend

the

scope

of this

magnetically

recyclable

carbon

nanocomposite Pd catalyst, we carried out the coupling of several aryl
iodides with phenylboronic acid under the optimized reaction conditions.
In all presented substrates, almost quantitative yields of products were
obtained in 1.5 h. Furthermore, in an attempt to extend the application of
the designed catalyst, we screened the Suzuki cross-coupling reactions of
representative aryl bromides with phenylboronic acid.[18] The reaction of
these aryl bromides gave excellent yields in 3 h (Table 3.2). More
interestingly, Suzuki coupling of arylchlorides with phenylboronic acid,
which are known to be very difficult to be catalyzed by heterogeneous
catalytic systems were also converted to the coupled products in 15 h
with high yields using 1.5 mol% of the Pd catalyst (Table 3.2, entries 11
and 12).
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Table 3.2. Effect of bases on the Suzuki reaction of iodobenzene and
phenylboronic acid.a

Entry

Base

Time (h)

T (oC)

Yield (%)b

1

K2CO3

1.5

100

97

Na2CO3

1.5

100

55

3

Cs2CO3

1.5

100

40

4

NaOH

1.5

100

10

5

TEA

1.5

100

0

2

a

Reaction conditions: 0.5 mmol iodobenzene, phenylboronic acid (0.6

mmol), carbon nanocomposite Pd catalyst (1 mol %), base (1.5 mmol),
DMF/H2O (2:1), 100 °C.
b

The yields were determined by GC-MS with respect to an internal

standard (decane).
TEA: Triethyl amine.
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The hydrolysis of arylboronic acids generally occurs in Suzuki crosscoupling reactions and causes decrease in the product yields. Therefore
we investigated the reaction of various arylboronic acids with
iodobenzene in DMF/H2O (2:1). As shown in Table 3.4, the Suzuki crosscoupling reactions of the arylboronic acids with iodobenzene using the
magnetically recyclable carbon nanocomposite Pd catalyst (1 mol%)
were achieved successfully in DMF/H2O. The reactions were
accomplished to produce the respective biaryls with high yields within
1.5 h.
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Table 3.3. Heterogeneous Suzuki cross-coupling reaction of aryl halides
with phenylboronic acid.a

Entry

Aryl halide

Product

I

1

Time (h)

Yield (%)b

1.5

95

1.5

94

1.5

93

1.5

95

1.5

92

3

95

3

93

I

2
I

3

I

4
I

5

H3CO
H3CO

Br

6
7

Br

87

Br

8

3

91

3

92

3

94

15

91c

15

81c

Br

9
Br

10

NC
NC

Cl

11
Cl

12

a

Aryl halide (0.5 mmol), phenylboronic acid (0.6 mmol), carbon

nanocomposite Pd catalyst (1 mol %), K2CO3 (1.5 mmol), DMF/H2O
(2:1), 100 °C.
b

Yields (average of at least two runs) were determined by GC-MS

analysis using internal standard (decane).
c

1.5 mol% Pd catalyst was used. Isolated yield was confirmed by GC-MS.
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Table 3.4. Heterogeneous Suzuki cross-coupling reaction of aryl iodide
with arylboronic acids.a
B(OH) 2

I

+

Entry

Arylboronic acid

1

3

a

Yield (%)b

(HO)2B

95

(HO)2B

94

93

(HO)2B

5

Product

97

(HO)2B

2

4

Catalyst

95

(HO)2B

Iodide benzene (0.5 mmol), aryl boronic acid (0.6 mmol), carbon

nanocomposite Pd catalyst (1 mol %), K2CO3 (1.5 mmol), DMF/H2O
(2:1), 100 °C, 1.5 h.
b

Yields (average of at least two runs) were determined by GC-MS nalysis

using internal standard (decane).
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The designed magnetically recyclable carbon nanocomposite can be
readily used as general framework supports for loading other noble metal
NPs, such as platinum, which can be utilized for catalytic reduction of
nitro compounds to amines. The reduction of nitro aromatics is an
important chemical reaction because organic amines are intermediate
materials for the production of agrochemicals, pharmaceuticals, polymers
and pigments.[19] Magnetically recyclable nanocomposite Pt catalysts can
be prepared using a similar procedure for the composite Pd catalyst. We
first prepared the polymer composite Pt catalyst via a direct redox
reaction between pyrrole and a Pt precursor (PtCl2 ) as an oxidizing agent
in the presence of iron oxide NPs. Then the magnetically retrievable
carbon composite Pt catalyst was prepared via carbonization of the
synthesized polymer composite. TEM images of this composite showed
the Pt NPs were uniform with an average size of ~3 nm (Figure 3.5).
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(a)

(b)

20 nm

20 nm

Figure 3.5. TEM images of (a) polymer nanocomposite Pt catalyst, and
(b) carbon nanocomposite Pt catalyst.

EDX of the nanocomposite Pt catalyst showed that the Pt species were
successfully immobilized in the nanocomposite (Figure 3.6a). The
existence of Pt NPs on the nanocomposite was also confirmed by XPS
analysis (Figure 3.6b). In a continuation of our research toward the
development of sustainable organic transformations, we investigated the
catalytic activity of the Pt catalyst for the reduction of structurally diverse
nitro compounds. When we tested the catalytic performance of the
nanocomposite Pt catalyst for the reduction of nitrobenzene using
hydrazine, the reaction was completed in 3 h yielding quantitative aniline
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(Table 3.5, entry 1). In an attempt to extend the application of this
catalyst, we studied the reduction of structurally diverse nitro compounds.
Table 3.5 confirmed that the Pt nanocatalysts exhibited excellent
activities for the reduction of nitrobenzenes.

Figure 3.6. (a) XPS analysis of Pt 4f scan. (b) EDX spectrum of the
carbon nanocomposite Pt catalyst.
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The selective reduction of nitro group in organic compounds containing
other reducible functional groups is a very challenging issue in organic
synthesis.[20] However, the nitro group of nitroarenes with different
functional groups using the magnetically recyclable nanocomposite
catalyst was selectively reduced to the amino moiety (Table 3.5, entries
2-4). The halogen functional groups remained intact under the reaction
conditions. In all cases examined in Table 3.5, the excellent yields of
amine products were obtained as exclusive products.
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Table 3.5. Heterogeneous reduction of substituted nitrobenzene with
hydrazine.a
NO2
R

Entry

Catalyst

Substrate

Product

NH2

NO2

2

NO2
Br

6

a

98
95

Br

I

5

NH2

NO2

4

99

Cl

Cl

3

Yield (%)b

NH2

NO2

1

NH 2
R

NH2

97

I

NH2

NO 2

NO2

NH2

95
94

substituted nitrobenzene (0.5 mmol), hydrazine (2 equiv.), carbon

nanocomposite Pt catalyst (1 mol %), EtOH, 80 °C, 3 h.
b

The yields (average of at least two runs) were determined by GC-MS

with respect to an internal standard (decane).
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To compare the catalytic activity differences between the polymer
nanocomposite Pd catalyst and the carbon nanocomposite Pd catalyst, we
performed the Suzuki coupling reaction of iodobenzene with phenyl
boronic acid using both kinds of catalysts. The carbon nanocomposite
catalyst gave much higher conversion (97%) than the polymer
nanocomposite catalyst (31%) under the same reaction conditions in 1.5 h.
We ran the catalytic reactions using the polymer and carbon
nanocomposite Pd catalysts (1 mol%) under identical reaction conditions,
and aliquots were drawn from the reaction mixtures at 15 min intervals.
The yield of products in each reaction was measured and the results are
shown in Figure 3.7. The reaction was completed within 1.5 h with the
carbon nanocomposite Pd catalyst while the reaction catalyzed by the
polymer nanocomposite took more than 7 h for the completion. The
outstanding increase of reaction rate for the carbon nanocomposite
catalyst can be explained by pore diffusion. [21]

95

100

Yield of product (%)

90
80
70
60
50
40
30
20
10
0
0

15

30

45

60

75

90

105

120

Time (min)

Figure 3.7. Time-dependent product yields of the Suzuki cross-coupling
reactions using polymer (red line) and carbon (green line) nanocomposite
Pd catalysts. Reaction conditions: aryl iodide (0.5 mmol), phenylboronic
acid (0.6 mmol), nanocomposite Pd catalyst (1 mol %), K2CO3 (1.5
mmol), DMF/H2O (2:1), 100 °C.

These results demonstrate the porous carbon nanocomposite catalyst with
a high surface area of 74 m2 g-1 (Figure 3.8) is a better catalyst than
polymer nanocomposite with a low surface area of 6 m2 g-1 (Figure 3.9).
The porous carbon nanocomposite support is permeable to organic
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reagents and improves the accessibility of the nanocatalysts and diffusion
of reactants and products. Furthermore, the well-defined nitrogencontaining carbon increases the interaction between the nanocatalysts and
carbon matrix, enabling to maintain their activities in harsh reaction
conditions.
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Figure 3.8. N2 adsorption/desorption isotherms of the magnetically
recyclable carbon nanocomposite catalyst. The inset shows the
corresponding pore size distribution.
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Figure 3.9. N2 adsorption/desorption isotherms of the magnetically
recyclable polymer nanocomposite catalyst. The inset shows the
corresponding pore size distribution.

The designed carbon composite provides a high surface area and
accommodates a large amount of small sized nanocatalysts, leading to the
high catalytic activity. Furthermore, magnetic separation of the carbon
nanocomposite catalyst is much more convenient for the catalyst
recycling than that required by the polymer composite. These attractive
features exhibited by the designed magnetically recyclable carbon
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composite enabled to have high catalytic activity for Suzuki reactions in
milder reaction conditions and shorter reaction time compared to those
required by previously reported heterogeneous catalysts.[22]
The magnetically recyclable carbon nanocomposite Pd catalyst also
presented higher catalytic activity than the commercially available Pd/C
catalyst. TEM images of the commercial Pd/C catalyst shows Pd NPs are
polydisperse with a size distribution of 5 to 25 nm (Figure 3.10). When 1
mol% of commercial Pd/C catalyst was used in the Suzuki coupling
reaction of iodobenzene with phenyl boronic acid under the identical
reaction conditions, it provided a much lower yield (39%) in 1.5 h. These
advantages, including excellent product yield and sustainable catalytic
activity, make this nanocomposite catalyst a potential candidate for
industrial considerations.
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Figure 3.10. TEM image (a) and FESEM image (b) of the commercially
available Pd/C catalyst.

Reusability and durability of the catalysts are important factors for
practical applications. To verify these issues, we investigated magnetic
separation and recycling of the magnetically recyclable nanocomposite Pt
catalyst (Scheme 3.2), which was successfully recycled and reused for
five consecutive cycles of the reduction of nitrobenzene with no
significant loss of activity (Table 3.6). Upon completion of the reaction
the catalyst was easily separated using a magnet, washed with EtOH and
reused in the next reaction.
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Scheme 3.2. Magnetic separation and recycling of the carbon
nanocomposite catalysts.

When we examined the magnetic separation and durability of the Pd
catalyst in the Suzuki coupling reaction of bromobenzene with
phenylboronic acid (Table 3.7), there was a small decrease of the activity
after each recycling of the catalyst.
The amount of palladium in the nanocomposite catalyst was analyzed
after recovering the catalyst after the five cycles of the Suzuki coupling
reactions of bromobenzene.
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Table 3.6. Magnetic separation and recycling of the nanocomposite Pt
catalyst in heterogeneous reduction of nitrobenzene with hydrazine.a

NO 2

a

NH 2

Catalyst

Cycle

1st

2nd

3rd

4th

5th

Yield of productb

99

99

98

97

96

Nitrobenzene (0.5 mmol), hydrazine (2 equiv.), carbon nanocomposite

Pt catalyst (1 mol %), EtOH, 80 °C, 3 h.
b

Yields were determined by GC-MS with respect to an internal standard

(decane).
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Table 3.7. Magnetic separation and recycling of the carbon
nanocomposite

catalyst

in

Suzuki

cross-coupling

reaction

of

bromobenzene with phenylboronic acid.a

a

Cycle

1st

2nd

3rd

4th

5th

Yield of productb

95

93

91

91

89

Reaction conditions: 0.5 mmol bromobenzene, phenylboronic acid (0.6

mmol), carbon nanocomposite Pd catalyst (1 mol %), K2CO3 (1.5 mmol),
DMF/H2O (2:1), 100 °C, 3 h.
b

Yields were determined by GC-MS with respect to an internal standard

(decane).

The ICP-AES analysis indicated 1.4% of the palladium species remained
in the reaction solution. TEM images of the recycled carbon
nanocomposite Pd catalyst showed that the nanocomposite catalyst was
stable after the recycling (Figure 3.11). Consequently, the small decline
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of catalytic activity seems to result from incomplete magnetic separation
of the catalyst during consecutive recycling because the viscosity of
DMF is lower than EtOH.

Figure 3.11. TEM images of nanocomposite Pd catalyst after recycling.
Magnetically recyclable carbon nanocomposite catalyst can be readily
synthesized in large scale using a simple and economical process. For
example, when we used 10 times more reagents, ~5.6 g of the
magnetically recyclable carbon nanocomposite catalyst could be obtained
in one batch synthesis (Figure 3.12).
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Figure 3.12. Photograph of scale up synthesis for magnetically
recyclable carbon nanocomposite catalyst.
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3.4 Conclusions
We have demonstrated new sustainable and magnetically separable
carbon nanocomposite catalysts for the selective reduction of nitroarenes
and

various

Suzuki

cross-coupling

reactions.

The

designed

nanocomposites with a well-defined porous carbon matrix and high
surface area accommodate abundant 3 nm-sized NPs of Pd and Pt
providing excellent catalytic activities in short reaction time. Furthermore
the magnetically retrievable nanocomposite catalysts could be readily
synthesized in a large scale and could be used as general platform to load
various catalytic NPs for different catalytic reactions. Magnetic recovery
could eliminate tedious work-up and catalyst filtration procedures after
completion of the reactions, which is an additional sustainable attribute of
these carbon nanocomposite catalysts. Of particular note is the catalysts
could be reused for five consecutive cycles in the reduction of
nitrobenzenes and Suzuki cross-coupling of bromobenzenes. The
aforementioned advantages presented by these nanocomposite catalysts
are very important for their future industrial applications in numerous
important catalytic processes.
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Chapter 4. Magnetically Recyclable Core-Shell Nanocatalysts for
Efficient Heterogeneous Oxidation of Alcohols

4.1 Introduction
The oxidation of alcohols to aldehydes and ketones is a fundamental
chemical transformation for the production of a large variety of important
intermediates and fine chemical products.[1] Among the transition metals,
palladium shows very promising catalytic properties in the form of
complexes, heterogeneous metal catalysts or nanoparticles (NPs).[2]
Catalytic NPs present a high surface-to-volume ratio, however most Pd
NP catalysts have been somewhat limited in use due to the challenges in
separating and reusing the expensive catalysts. Furthermore, it has been
shown that NP-based catalysts (nanocatalysts) do not retain high catalytic
reactivity under corrosive reaction conditions without a sturdy support.[3]
Nanocatalysts without any support are generally unstable and structural
deformation occurs after a single use in harsh catalytic reactions.[4]
Although significant progress has been achieved to improve the catalytic
activity, selectivity and substrate breadth, there are still major problems
with NP catalysts.[5] Primarily palladium NPs agglomeration and
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instability

under

destructive

reaction

conditions

cause

catalyst

deactivation limiting the use of nanocatalysts in practical applications.[6]
Therefore, most alcohol oxidations are carried out under oxygen pressure
using toxic organic solvents.[7] In the presence of active oxidants,
unstable supports or surfactants decompose and cause deformation of
nanocatalysts.[8] As a result, the size, shape, composition and reactivity of
nanocatalysts change during the reaction compared to pristine
nanocatalysts.[9] Overcoming these problems would represent a cheaper,
safer and more environmentally benign oxidation protocol if the reactions
could be catalyzed by stable nanocatalysts under mild oxidation
conditions (e.g. H2O2) in water. Subsequently, it is an important issue to
develop economical and scalable approaches for preparing highly active,
recyclable and stable nanocatalysts to perform green chemistry processes
and reduce the bulk manufacture cost.[10] To solve these problems various
techniques have been developed. Recently, hybrid nanocomposites with
core-shell

nanostructures

increasingly

attracted

attention

in

heterogeneous catalytic reactions.[11] However, it is very difficult for
protected nanocatalysts to act directly as the active catalytic species while
they are entirely coated.[12] However, while supporting the nanocatalysts
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can increase their stability, it also decreases their reactivity. [13] To
circumvent these drawbacks Pd NPs robustly fixed on a polymer layer of
recyclable magnetic silica core-shell nanospheres were developed. The
magnetic separation provides a convenient method for removing and
recycling

active

Pd

nanocatalysts.[14]

These

strategies

prevent

nanocatalyst aggregation and instability for consecutive reuse because the
NPs are half partitioned in a polymer matrix while the active surface of
the nanocatalysts remains accessible to the reagents in the reaction
environment. The designed framework has palladium catalytic NPs
encrusted on rings to provide highly stabilized nanocatalysts and
maintain their activities under harsh reaction conditions. The designed
nanoccatalysts present excellent catalytic activities for oxidation of
alcohols under base-free reaction conditions in water. The nanocatalysts
could also find applications in other types of nanocatalyzed reactions
involving Pd NPs such as Suzuki cross-coupling and reduction of nitro
aromatics. Furthermore the magnetic separation provides a convenient
method for removing and recycling the active Pd nanocatalysts from the
reaction mixture.
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4.2 Experimental Section

Characterizations
Water was deionized by a Nano Pure System (Barnsted). The chemicals
used in this work were purchased at the highest possible grade from
Aldrich, Samchun, and Gelest. Transmission electron microscope (TEM)
images were obtained using JEOL JEM 1010 at 80 kV and JEOL EM2010 microscope at an acceleration voltage of 200 kV. High resolution
transmission electron microscope (HRTEM) images were obtained using
a JEOL JEM-3010 microscope equipped with energy-dispersive X-ray
spectroscopy (EDX) detector. Scanning transmission electron microscopy
(STEM) and annular dark-field imaging (HAADF) images were acquired
using a JEOL JEM-2100F. Field emission scanning electron microscopy
(FESEM) images were obtained by a SUPRA 55VP Carl Zeiss instrument.
Focused ion beam field-emission scanning electronic microscopy (FIBFESEM) images were obtained by a Carl Zeiss Auriga. Size of
nanocatalysts was characterized by the dynamic light scattering (DLS)
measurements (Zetasizer Malvern Instruments). Small-angle X-ray
scattering (SAXS) analyses were obtained using a Bruker AXS, DE/D8
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Discover with GADDS instrument. X-ray photoelectron spectroscopy
(XPS) was collected using Al Kα source (Sigma probe, VG Scientifics).
Powder X-ray diffraction (XRD) was obtained with a Rigaku D/Max-3C
diffractometer, equipped with a rotating anode and a Cu Kα radiation
source (λ= 0.15418 nm). High resolution powder X-ray diffraction
(HRXRD) was obtained with a Bruker D8 Advance instrument. X-ray
fluorescence (XRF) spectrometry was recorded by a Bruker AXS S4
pioneer. Thermogravimetric analysis (TGA) result was obtained by a TA
Instruments Q-5000 IR USA. The IR spectra were recorded with an ATRIR Perkin Elmer spectrometer frontier. Inductivity coupled plasma atomic
emission spectrometer (ICP-AES, Shimadzu ICPS-7500 Japan) was used
for the elemental analysis. The products of the catalytic reactions were
analyzed by gas chromatography mass spectrometers (GC-MS) using an
Agilent Technologies 5975C VLSMD with triple-axis detector and a
Hewlett Packard 5973 mass selective detector GC-MS.
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Synthesis of Fe3O4 NPs
In a typical synthesis of iron oleate complex, 10.8 g of iron chloride
(FeCl3·6H2O, 40 mmol) and 36.5 g of sodium oleate (120 mmol) was
dissolved in a mixture solvent composed of 80 ml ethanol, 60 ml distilled
water and 140 ml hexane. The resulting solution was heated to 70 °C and
kept at that temperature for 4 h. Then, the upper organic layer containing
the iron-oleate complex was washed three times with distilled water in a
separatory funnel. After washing, hexane was evaporated, resulting in
iron-oleate complex in a waxy solid form. 36 g (40 mmol) of the
synthesized iron-oleate complex and 5.7 g of oleic acid (20 mmol) were
dissolved in 200 g of 1-octadecene at room temperature. The reaction
mixture was heated to 300 °C with a constant heating rate of 3.3 °C min–1,
and kept at that temperature for 1 h. The resulting solution containing the
nanocrystals was cooled to room temperature, and 500 ml of ethanol was
added to the solution to precipitate the nanocrystals. The nanocrystals
were separated by centrifugation and dispersed in chloroform.
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Synthesis

of

Fe3O4

silica-coated

NPs

and

N-(3-

trimethoxysilylpropyl)-pyrrole functionalized core-shell NPs
In a typical synthesis, 0.5 g of synthesized Fe3O4 NPs was dispersed in
100 ml cyclohexane containing 7 g igepalâ CO-520. To this solution, 2
ml aqueous ammonia was directly added. Tetraethoxysilane (TEOS 2 ml)
was then rapidly added and the solution vigorously stirred at room
temperature for 7 h to obtain silica coated iron oxide NPs. After ageing,
the pyrrole functionalized silica shell was formed by the addition N-(3Trimethoxysilylpropyl)-pyrrole (0.4 ml) for 3 h. The product was isolated
by centrifugation, washed with ethanol and dispersed in 50 ml ethanol.

Synthesis of the magnetically recyclable core-shell Pd nanocatalysts
While vigorous stirring, 200 mg palladium(II) acetate dissolved in
chloroform was added dropwise to the functionalized core-shell NPs, and
the mixture was stirred for 3 h at room temperature to produce
magnetically recyclable nanocatalysts. The color of the mixture changed
from orange to deep black indicating the reduction of the Pd(OAc)2 by
pyrrole functions.
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Synthesis of core-shell magnetic NPs with silica layer supported Pd
NPs
These nanostructures were synthesized without polymer shell in which
Pd NPs were loaded by NaBH4 reduction process on the silica layer of
the core-shell NPs. While vigorous stirring, 200 mg K2PdCl4 dissolved in
water was added dropwise to the EtOH dispersed silica coated Fe3O4 NPs,
and the mixture was stirred for 1 h at room temperature. To this solution,
25 mg NaBH4 dissolved in water was directly added and the solution
vigorously stirred at room temperature for 3 h to produce disordered Pd
NPs supported on silica coated Fe3O4 NPs.

Synthesis of Pd NPs using pluronic copolymers
The Pd NPs were synthesized simply by mixing aqueous solutions of
palladium salts and Pluronic copolymer P85 or F127. In a typical
procedure, 0.1 mL of 0.1m K2PdCl4 was added to 10 mL aqueous
solution containing 0.2 g of triblock Pluronic copolymer P85 or F127 at
room temperature, and the resulting solution was vigorously stirred for 5
hours. Within several minutes, the color of the solution changed from
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light yellow to a deep brown, indicating the formation of nanoparticles.
The palladium loading on the solution was measured by ICP-AES.

Synthesis of carbon supported Pd NPs
Carbon (300 mg) was dispersed in H2O/EtOH mixture (2:1) and stirred at
room temperature for 1 h. While vigorous stirring, 50 mg K2PdCl4
dissolved in water was added to the vial and the mixture was stirred for 1
h at room temperature. To this solution, 25 mg NaBH4 dissolved in water
was directly added and the solution vigorously stirred at room
temperature for 3 h to produce Pd NPs supported on carbon. The
palladium loading on the catalysts was measured by ICP-AES.

Synthesis of mesoporous carbon supported Pd NPs
Mesoporous carbon (300 mg) was dispersed in H2O/EtOH mixture (2:1)
and stirred at room temperature for 1 h. While vigorous stirring, 50 mg
K2PdCl4 dissolved in water was added to the vial and the mixture was
stirred for 1 h at room temperature. To this solution, 25 mg NaBH4
dissolved in water was directly added and the solution vigorously stirred
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at room temperature for 3 h to produce Pd NPs supported on carbon. The
product was washed several times with water/ethanol and dried in vacuo.
The palladium loading of the product was measured by ICP-AES.

Synthesis of SBA-15 supported Pd NPs
In a typical synthesis, 2g of EO20PO70EO20 (P123, Pluronic 123 from
BASF) polymer was dissolved in 144 mL of an aqueous solution of 1.7
M hydrochloric acid and stirred for 4hrs at 40 ºC. Then, the tetraethyl
orthosilicate (TEOS) was added dropwise at the mass ratio of
TEOS/P123=2 and the reaction mixture was stirred for 24 hrs. Next, the
reaction gel was transferred to the Teflon autoclaves and kept at 100 ºC
for 24 hrs. The resulting product was filtered, washed with DI water and
dried for 24 hrs at 60 ºC. The template from as-synthesized SBA-15
sample was removed by calcination at 550 ºC for 5hrs under air.
Synthesized SBA-15 (300 mg) was dispersed in H2O/EtOH mixture (2:1)
and stirred at room temperature for 1 h. While vigorous stirring, 50 mg
K2PdCl4 dissolved in water was added to the vial and the mixture was
stirred for 1 h at room temperature. To this solution, 25 mg NaBH4
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dissolved in water was directly added and the solution vigorously stirred
at room temperature for 3 h to produce Pd NPs supported on SBA-15.
The palladium loading on the catalysts was measured by ICP-AES.

Synthesis of Hydroxyapatite supported Pd NPs
Hydroxyapatite (300 mg) was dispersed in H2O/EtOH mixture (2:1) and
stirred at room temperature for 1 h. While vigorous stirring, 50 mg
K2PdCl4 dissolved in water was added to the vial and the mixture was
stirred for 1 h at room temperature. To this solution, 25 mg NaBH4
dissolved in water was directly added and the solution vigorously stirred
at room temperature for 3 h to produce Pd NPs supported on
Hydroxyapatite. The palladium loading on the catalysts was measured by
ICP-AES.

Heterogeneous oxidation of alcohols catalyzed by catalysts
The oxidation of alcohols was carried out in a 25 round-bottom flask. In a
typical procedure, 1 mol% of catalysts was dispersed in H2O (5 mL).
Then, alcohol (1 mmol), H2O2 30% (3 mmol) and a small stirring bar
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were added to the flask. The flask containing reaction mixture was placed
in an oil bath (80 oC) and stirred under air atmosphere. After completion
of reaction, the mixture was cooled to room temperature and the
nanocatalysts were separated using a magnet. The separated catalysts
were washed several times. The products were analyzed by a GC-MS.
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4.3 Results and Discussion
The overall synthetic procedure is shown in Scheme 4.1. The Pd NPs that
are half-partitioned in the polymer matrix can provide not only high
catalytic activity but also stabilization of the nanocatalysts under harsh
reaction conditions. Pd nanocatalysts incorporated on a polymer shell
coated on dense silica-coated magnetic NPs also demonstrated magnetic
recyclability for the oxidation of alcohols in water.

Scheme 4.1. Synthetic procedure for preparation of the magnetically
recyclable core-shell nanocatalysts.

Iron oxide NPs dispersed in chloroform were coated with a thin layer of
silica allowing the surface of the core-shell nanocomposite to be easily
functionalized by N-(3-trimethoxysilylpropyl)-pyrrole. Finally Pd NPs
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were embedded on the surface of core-shell nanospheres to produce
highly active Pd nanoctalysts. The color of the mixture changed from
light brown to deep black indicating the reduction of the Pd(OAc)2 by
pyrrole moieties. The thin polymer layer of the designed Pd nanocatalysts
is prepared through a redox reaction between pyrrole and Pd(OAc)2.
Pyrrole monomers can be chemically polymerized using palladium(II)
acetate as an oxidizing agent. This procedure provides in situ chemical
reduction of palladium ions during pyrrole oxidation so that it inserts
uniform Pd NPs in the polymer matrix. The thickness of the polymer
coating shell can be easily tuned by varying the relative amount of the
monomer. The outer polymer shell supports the Pd nanocatalysts from
sintering and maximizes the interaction and reactivity of precious
catalysts while the impermeable silica layer isolates the core magnetic
NPs and prevents the possibility of side reactions during catalytic
processes. In addition, the synergestic effects of catalytic NPs and
support can be promoted when such interfaces are important in catalytic
performances.
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Figure 4.1. TEM (a) and HRTEM (b) images of Pd NPs supported on N(3-Trimethoxysilylpropyl)-polypyrrole.

We synthesized and investigated the composition of the polypyrrole
nanocomposite through a direct redox reaction between N-(3trimethoxysilylpropyl)-pyrrole and a Pd precursor as an oxidizing agent.
TEM and HRTEM images of the polymer nanocomposite indicate the
formation of a polymeric structure and Pd NPs. As shown in Figure 4.1,
the Pd NPs are relatively uniform with an average size of 3 nm
incorporate in the polymer matrix. The composition of polymer and
presence of Pd NPs in the synthesized nanocomposite were verified by
XPS analyses (Figure 4.2).
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Figure 4.2. XPS analyses of (a) Si 2p, (b) C 1s, (c) N 1s, (d) Pd 3d for Pd
NPs supported on N-(3-Trimethoxysilylpropyl)-polypyrrole.
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Figure 4.3. TEM images of (a) Fe3O4 NPs, silica coated Fe3O4 NPs (b),
the magnetically recyclable Pd nanocatalysts (c). HRTEM image of (d)
the magnetically recyclable Pd nanocatalysts. FESEM images of (e) silica
coated Fe3O4 NPs, and (f) the magnetically recyclable Pd nanocatalysts.

We next demonstrate the fabrication of magnetically retrievable Pd
nanocatalysts as a proof-of-concept. The TEM images of the magnetic
iron oxide NPs showed they were uniform spheres with a size of 20 nm
(Figure 4.3a). TEM and HRTEM images of silica coated Fe3O4 NPs
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declared detached and uniform core-shell nanostructures with a thickness
of ~15 nm (Figure 4.3b). TEM and HRTEM images (Figure 4.3c, and d)
also revealed relatively uniform Pd NPs ~3 nm in size incorporated
discretely in a thin polymer layer deposited on magnetic silica core-shell
nanospheres (Figure 4.3e, and d). FESEM images show that the
magnetically recyclable Pd nanocatalysts exhibit a rough surface due to
the accommodation of the Pd NPs in the polymer layer whereas the dense
silica-coated magnetic NPs have a smooth surface (Figures 4.3e, and f).

Figure 4.4. STEM (a), HAADF (b) and HRSTEM (c) images of the
magnetically recyclable Pd nanocatalysts.
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Figure 4.4a, b, and c show a detailed structural characterization of
designed Pd nanocatalysts obtained by various electron microscopic
techniques. STEM and HRSTEM images confirm homogeneously
assembled nanostructure with Pd NPs implanted in polymer shell and
thin coating of silica shell (Figure 4.4a, and c). HAADF images reveal
the distinct contrast of Pd NPs, silica shell and magnetic NP core (Figure
4.4b). The overall size of the nanospheres was observed to be ~50 nm by
HRTEM which was in agreement with the DLS measurements (Figure
4.5).
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Figure 4.5. DLS diagram of the magnetically recyclable Pd nanocatalysts.
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Figure 4.6. HRTEM images of magnetically recyclable Pd nanocatalysts.
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Figure 4.7. FESEM (a) and FIB (b, c and d) images of magnetically
recyclable nanocatalysts. (e) EDX spectrum of magnetically recyclable
nanocatalysts.

The images obtained by HRTEM (Figure 4.6) and milling of the Pd
nanocatalysts using a FESEM instrument equipped with FIB (Figure 4.7)
of the Pd nanocatalysts indicated a narrow shell (~2 nm) of polymer
surrounded the exterior of silica layer. In addition, the ATR-IR spectrum
of the polypyrrole layer on silica shell exhibited strong characteristic
vibration peaks of ring, C ̶
̶
N and C ̶
̶
H stretching at 1550, 1415, and 930
cm-1, respectively (Figure 4.8).
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Figure 4.8. ATR-IR spectrum of polypyrrole on the designed
nanocatalysts.

Figure 4.9. SAXS (a), XPS (b) and EDS line profile (c) spectra of the
magnetically recyclable Pd nanocatalysts.
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Small-angle X-ray scattering (SAXS) measurements were carried out to
verify the structure of Pd NPs on the designed nanocatalysts in
comparison to commercially available Pd/C catalyst (Figure 4.9a). The
existence of Pd NPs (Figure 4.9b) and other components on the designed
nanocatalysts was also confirmed by XPS analysis (Figure 4.9).

Figure 4.10. XPS analyses of (a) Pd 3d, (b) Si 2p, (c) C 1s, (d) N 1s, and
(e) Fe 2p for magnetically retrievable nanocatalysts.
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The EDX spectroscopy (Figure 4.9) and XRF spectrometry (Figure 4.11)
data ascertained the composition of the magnetically retrievable
nanocatalysts. The EDS line profile of Pd NPs shown in Figure 3f was
obtained along with the magnified HRSTEM image. The presence of
components in the silica coated magnetic NPs was further verified by
XPS analysis (Figure 4.9). The powder X-ray diffraction (XRD) pattern
of Fe3O4 NPs and high resolution XRD pattern of the synthesized Pd
nanocatalysts revealed the pure related structures (Figure 4.12).
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Figure 4.11. XRF spectra of (a) the magnetically recyclable
nanocatalysts, and (b) commercial Pd/C catalyst.
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the magnetically recyclable Pd nanocatalysts.
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Table

4.1.

The

CHN

elemental

analysis

results

of

N-(3-

Trimethoxysilylpropyl)-PPy, silica core-shell Fe3O4 NPs and the
magnetically recyclable Pd nanoccatalysts.

Elemental Contents (wt %)
C
H
N

Sample
N-(3-Trimethoxysilylpropyl)-

23.5

5.7

5.7

Silica core-shell Fe3O4 NPs

2.1

1.9

0.1

Pd nanocatalysts

9.3

3.2

3.8

polypyrrole Pd NPs

The magnetic behavior of the nanocatalysts was investigated using a
superconducting quantum interference device (SQUID) magnetometer.
The field dependent magnetization curve at 300 K represents
superparamagnetic characteristics. CHN elemental analysis provided the
composition of C (9.3%) and N (3.8%) for nanocatalysts (Table 4.1). The
results from thermal gravimetric analysis (TGA) clearly identified
stepwise decomposition of different components in the synthesized
nanocatalysts (Figure 4.13).
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Figure 4.13. TGA of The magnetically recyclable Pd nanocatalysts.
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Table 4.2. Heterogeneous oxidation of alcohols catalyzed by the
magnetically recyclable Pd nanocatalysts.a

Entry

Alcohol

Product

Yield (%)b

O

OH

1

83
OH

O

2

90
OH

O

3

82
O

OH

4

99
OH

O

5

89
O

OH

6
OH

99

O

7

94
O
OH

8

40

143

OH

9

O

45

O

OH

10
N

a

O

O

95

N

Reaction conditions: alcohol (0.25 mmol), Pd nanocatalysts (1 mol%),

80 oC, H2O2 30% (0.75 mmol), H2O (2.5 ml), 12 h.
b

Yields were determined by GC-MS analysis using internal standard

(decane).
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The potential and efficiency of the designed nanocatalysts as active and
stable catalysts were investigated in the oxidation of alcohols in water.
The palladium loading on the nanocatalysts was measured by an ICPAES. As shown in Table 4.2, the Pd nanocatalysts showed high catalytic
activity for oxidation of various primary and secondary alcohols under
base-free reaction conditions to afford the corresponding aldehyde or
ketone. It is noteworthy that the Pd nanocatalysts were also very effective
for the oxidation of nonactivated alkanols. Thus, the oxidation of
cyclooctanol took place in water under the optimized reaction conditions
to produce cyclooctanone in 89% yield (Table 4.2, entry 5).
To better clarify the role of the designed polymer shell and well-defined
catalytic NPs encrusted in core-shell nanostructures in our protocol, we
performed

several

control

experiments

choosing

oxidation

of

cycloheptanol as a model reaction (Table 4.3).
We first carried out the oxidation of cycloheptanol without any catalyst
using H2O2 as oxidant and H2O as solvent. Interestingly, we found that
the reaction could produce a low yield (25%) of cyclooctanone after 12 h
at 80 oC.
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Then we investigated the oxidation on cycloheptanol under homogeneous
catalytic system using K2PdCl4 catalyst. This catalyst did not show
sufficient catalytic activity under oxidative conditions. To study the
heterogeneous systems, we examined the catalytic reactivity of
unsupported 5 nm Pd NPs (Figure 4.14) prepared by modifying a
previously reported method under optimized reaction conditions.[15]
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Table 4.3. Oxidation of cycloheptanol catalyzed by different supported
Pd NPs (1 mol%).a

Entry

Catalyst

Yield (%)b

1

Pd nanocatalysts

99

2

Pd nanocatalysts without H2O2

15

Pd NPs supported on silica layer of
32

3
core-shell
4

No catalysts with H2O2

25

N-(3-Trimethoxysilylpropyl)-PPy
30

5
supported Pd NPs
6

K2PdCl4

21

7

Pd NPs prepared by P85

27

8

Pd NPs prepared by F127

29

9

Commercial Pd NPs/C

53

10

Commercial Pd NPs/Charcoal

48

11

Carbon supported Pd NPs

49
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a

12

Mesoporous carbon supported Pd NPs

47

13

SBA15 supported Pd NPs

39

14

Hydroxyapatite supported Pd NPs

67

15

FeOxPd NPs

35

16

Hollow Pd nanocomposite

43

Reaction conditions: cycloheptanol (0.25 mmol), H2O2 30% (0.75

mmol), catalyst (1 mol %), H2O (2.5 ml), 80 °C, 12 h.
b

The yields were determined by GC-MS with respect to an internal

standard (decane).
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Figure 4.14. HRTEM images of Pd NPs synthesized by pluronic
copolymer P85 (a) and pluronic copolymer F127 (b).

The NPs aggregated immediately after adding H2O2 resulting in very low
yield of product. When we tested the catalytic performance of the
commercially available Pd/C and Pd/Charcoal catalysts with a size
distribution of 5 to 25 nm (Figure 4.15) for the oxidation of
cycloheptanol under the identical reaction conditions a better yield of
product (53%) could be observed after 12 h. This experiment conducted
that the NP catalysts stabilized on sturdy support can provide higher
product yield. Therefore, we designed and synthesized nanostructures
without a polymer shell in which Pd NPs were loaded by NaBH4
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reduction on the silica layer of the core-shell NPs.

Figure 4.15. TEM images of commercially available Pd/C catalyst (a),
and commercially available Pd/charcoal catalyst (b).

TEM studies show that aggregation of Pd NPs is inevitable if they are
directly loaded on the silica platform (Figure 4.14). We conducted the
oxidation reaction under the same reaction conditions as before, but using
the dense silica shell supported polydisperse Pd NP catalyst. The
disordered catalysts provided very low reactivity for oxidation of
alcohols under oxidative reaction conditions.
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Figure 4.16. TEM images of (a) silica coated Fe3O4 NPs, and (b) Pd NPs
supported on silica layer of core-shell nanostructures.

Figure 4.17. HRTEM images of (a) carbon, and (b) Pd NPs supported on
carbon.
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Finally we screened the oxidation of cycloheptanol catalyzed by Pd NPs
loaded on different solid supports (Table 4.3). In these cases, the solid
catalysts were prepared through previously reported conventional
reduction of Pd precursor by NaBH4 on variable supports.[16]
Polydispersed Pd NPs supported on carbon (Figure 4.17), mesoporous
carbon (Figure 4.18),

SBA-15 (Figure 4.19) and hydroxyapatite (Figure

4.20) provided poor to moderate catalytic activities for oxidation of
cycloheptanol but showed a rapid agglomeration in oxidative reaction
conditions.

(a)

(b)

100 nm

100 nm

Figure 4.18. HRTEM images of mesoporous carbon (a), and Pd NPs
supported on mesoporous carbon (b).
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(a)

(b)

100 nm

50 nm

Figure 4.19. HRTEM images (a) SBA-15, and (b) Pd NPs supported on
SBA-15.

(a)

(b)

100 nm

100 nm

Figure 4.20. TEM images of (a) hydroxyapatite, and (b) Pd NPs
supported on hydroxyapatite.
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In the above explained systems the significant deactivation of the
disordered NP catalysts after adding H2O2 along with bubbling and a
color change to dark black is presumably a consequence of the formation
of palladium black on the platforms.[17] The unprotected Pd NPs on the
surface of rigid supports might be poisoned under oxidative reaction
conditions and the agglomeration can be promoted by water.[18] In
addition, the reuse of the explained catalysts is very challenging due to
requirement of filtration, centrifugation and tedious work up. We found
Pd NPs supported by rigid polypyrrole nanocomposite yielded the
corresponding product in low conversion (30%) after 12 h. In case of this
catalyst the Pd NP catalysts cannot be reactive because they are
thoroughly coated and immersed in the polymer matrix. The polymer
composite support is impermeable to reagents and deteriorates the
diffusion of substrate/products.[19] Therefore, we concluded the polymer
shell in the designed Pd nanocatalysts indeed provide a means of
uniformly distributing the Pd NPs throughout redox reaction between
monomer and palladium precursor to ensure the controlled formation of
uniform NPs encrusted in the polymer shell. The presence of the polymer
layer on the designed core-shell nanocatalysts is effective for preventing
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the agglomeration of Pd NPs resulting in the high durability and
recycling characteristics of the Pd nanocatalysts.[20] The well-defined
polymer matrix accommodates abundant small-sized accessible Pd NPs
and serves as a shield to stabilize catalyst NPs for maintaining their
activity under oxidative reaction.
When we compared the reactivities and stabilities of the FeOxPd NPs
heterostructure (Figure 4.21) and hollow nanocomposite Pd NPs (Figure
4.22) heterogeneous catalysts, low yields were obtained (Table 4.3,
entries 15, and 16) for the oxidation of cycloheptanol.

0.1 µm

100 nm

Figure 4.21. TEM image of FeOxPd NPs heterostructure catalyst.
155

Figure 4.22. Low magnification (a), high magnification (b), and high
resolution sectioned (c) TEM images of hollow nanocomposite Pd
catalyst.

Reusability of the catalysts is an important criterion for practical
applications. To verify this issue, we investigated magnetic separation
and recycling of the designed Pd nanocatalysts (Scheme 4.2), which was
successfully recycled and reused for five consecutive cycles of the
oxidation of cycloheptanol (Table 4.4). Upon completion of the reaction
the catalyst was easily separated using a magnet, washed with acetone
and water and reused in the next reaction.
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Scheme 4.2. Magnetic separation and recycling of the designed Pd
nanocatalysts.

The TEM image of the recycled Pd nanocatalysts showed that the
nanocatalysts were stable after the recycling (Figure 4.23). There is a
small decrease of the catalytic activity after fifth recycling of the Pd
nanocatalysts. The solution of the fifth reaction runs were analyzed by
ICP-AES after workup. The ICP-AES analysis showed that 0.8% of Pd
species remained in the reaction solutions. Consequently, the small
decrease of catalytic activity seems to result from either incomplete
magnetic separation of the Pd nanocatalyst or leaching of Pd species
during the consecutive recycling. The magnetically recyclable core-shell
Pd nanocatalysts can be readily synthesized on a large scale using a
simple process. When larger amounts of starting materials (×20) were
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used, ~23 g of the Pd nanocatalysts could be obtained by one batch
synthesis (Figure 4.24).

Table 4.4. Magnetic separation and recycling of the Pd nanocatalysts in
heterogeneous oxidation of cycloheptanol.a

a

Cycle

1st

2nd

3rd

4th

5th

Yield of product (%)b

99

99

98

95

91

Reaction conditions: heptanol (0.25 mmol), Pd nanocatalyst (1 mol%),

12 h, 80 oC, H2O2 30% (0.75 mmol), H2O (2.5 ml).
b

Yields were determined by GC-MS with respect to an internal standard

(decane).
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50 nm

Figure 4.23. TEM image of magnetically recyclable Pd nanocatalysts
after recycle.
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Figure 4.24. Photograph of scale up synthesis for the magnetically
recyclable Pd nanocatalysts.

We finally investigated the potential applications and reactivity of the
nanocatalysts in other catalytic reactions requiring Pd NPs. The Suzuki
cross-coupling reaction and reduction of nitroarenes are important
chemical reactions in the laboratory and the chemical industries.[21]
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Table 4.5. Heterogeneous Suzuki cross-coupling reaction of aryl halides
with phenylboronic acid.a

B(OH)2

X

+

R

Nanocatalysts
R

X=I, Br

Entry

Aryl halide

Product

Time (h) Yield (%)b

I

1

97

2

92

2

94

2

91

4

95

4

93

I

2

2
I

3
I
O
C
3
H

4

H3CO

r
B

5
r
B

6
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r
B

7

91

4

94

r
B

4

C
N

8
NC

a

Aryl halide (0.5 mmol), phenylboronic acid (0.6 mmol), Pd

nanocatalysts (1 mol %), K2CO3 (2 mmol), DMF/H2O (3:1), 100 °C.
b

Yields were determined by GC-MS analysis using internal standard

(decane).
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The

designed

nanocatalysts

showed

excellent

activity

in

the

heterogeneous Suzuki crosscoupling reaction of aryl halides (Table 4.5)
and heterogeneous reduction of nitro compounds (Table 4.6). The Suzuki
cross-coupling reaction of aryl iodides and bromides with phenylboronic
acid gave almost quantitative yields in 2 and 4 h, respectively. The
attractive features exhibited by the designed magnetically recyclable
nanocatalysts enabled high catalytic activity for Suzuki reactions under
milder reaction conditions and shorter reaction time compared to those
required by our previously reported heterogeneous catalysts.[15] In the
reduction process for nitro aromatics, the halogen functional groups
remained intact under the reaction conditions. The nitro group of
nitroarenes with different functional groups using the magnetically
recyclable nanocatalysts was selectively reduced to the amine moiety.
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Table 4.6. Heterogeneous reduction of substituted nitrobenzene with
hydrazine.a

NO2
R

Entry

Nanocatalysts

Substrate

NH2

NO 2

2

5

a

NH2

NO2
Br

4

NH 2

Yield (%)b
99
97

Cl

Cl

3

R

Product

NO2

1

NH2

95

Br
NH2

NO 2

NH2

NO 2

92
94

Reaction conditions: substituted nitrobenzene (1 mmol), hydrazine (2

equiv.), Pd nanocatalysts (1 mol %), EtOH (5 ml), 80 °C, 4 h.
b

The yields were determined by GC-MS with respect to an internal

standard (decane).
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4.4 Conclusions
In conclusion, we have described novel magnetically retrievable coreshell Pd nanocatalysts for the efficient oxidation of alcohols in water. The
polymer shell of the designed nanocatalysts stabilizes uniform Pd NPs
providing high catalytic activity in destructive reaction conditions. This
framework accommodates palladium NPs encrusted on the rings to
prevent the agglomeration and maintain the catalytic reactivity under
oxidative reaction conditions. The magnetic core can be readily utilized
for the easy recovery and recycling of the Pd nanocatalysts while it is
isolated and protected by impermeable silica shell minimizing any side
reactions during catalytic processes. The designed nanocatalysts can be
readily synthesized in a large scale and be reused for five consecutive
cycles in oxidation of cycloheptanol. This novel approach may find
potential applications in other types of nanocatalyzed reactions involving
Pd NPs.

165

4.5 References
[1] a) J.-E. Bäkckvall, Modern Oxidation Methods, Wiley-VCH, 2011; b)
A. H. Haines, Methods for the Oxidation of Organic Compounds,
Academic Press, New York, 1988; c) B. Z. Zhan, A. Thompson,
Tetrahedron 2004, 60, 2917; d) G. Tojo, M. I. Fernández, Oxidation of
Alcohols to Aldehydes and Ketones, Springer, 2006; e) G.-J. ten Brink, I.
W. C. E. Arends, R. A. Sheldon, Science 2000, 287, 1636.
[2] a) R. A. Sheldon, J. K. Kochi, Metal Catalyzed Oxidations of Organic
Compounds, Academic Press, New York, 1981; b) W. J. Mijs, C. R. H. I.
de Jong, Organic Syntheses by Oxidation with Metal Compounds,
Springer, Heidelberg, 1987; c) J. Muzart, Tetrahedron 2003, 59, 5789; d)
Y. Uozumi, R. Nakao, Angew. Chem. 2003, 115, 204; Angew. Chem. Int.
Ed. 2003, 42, 194.
[3] a) M. Shokouhimehr, Y. Piao, J. Kim, Y. Jang, T. Hyeon, Angew.
Chem. 2007, 119, 7169; Angew. Chem. Int. Ed. 2007, 46, 7039; b) J. Ge,
Q. Zhang, T. Zhang, Y. Yin, Angew. Chem. 2008, 120, 9056; Angew.
Chem. Int. Ed. 2008, 47, 8924; c) J. Ge, T. Huynh, Y. Hu, Y, Yin, Nano
Lett. 2008, 8, 931. d) J. Lee, J. C. Park, H. Song, Adv. Mater. 2008, 20,
1523; e) C. T. Campbell, J. R. V. Sellers, Faraday Discuss. 2013, 162, 9.
166

[4] a) S. H. Joo, J. Y. Park, C.-K. Tsung, Y. Yamasa, P. Yang and G. A.
Somorjai, Nat. Mater. 2009, 8, 126; b) J. R. H. Ross, Heterogeneous
Catalysis, Elsevier, 2011; c) J. Hagen, Industrial Catalysis: a Practical
Approach, Wiley-VCH, 2006; d) V. Polshettiwar, T. Asefa, Nanocatalysis,
Wiley, 2013; e) G. A. Somorjai, B. Chaudert, Nanomaterials in Catalysis,
Wiley-VCH, 2013.
[5] a) G. Chen, S. Wu, H. Liu, H. Jiang, Y. Li, Green Chem. 2013, 15,
230; b) J. Chen, Q. Zhang, Y. Wang, H. Wan, Adv. Synth. Catal. 2008,
350, 453; c) D. I. Enache, J. K. Edwards, P. Landon, B. Solsona-Espriu,
A. F. Carley, A. A. Herzing, M. Watanabe, C. J. Kiely, D. W. Knight, G. J.
Hutchings, Science 2006, 311, 362; d) C. Parmeggiani, F. Cardona, Green
Chem. 2012, 14, 547; e) T. Nishimura, T. Onoue, K. Ohe, S. Uemura, J.
Org. Chem. 1999, 64, 6750.
[6] a) Z. Hou, N. Theyssen, A. Brinkmann, W. Leitner, Angew. Chem.
2005, 117, 1370; Angew. Chem. Int. Ed. 2005, 44, 1346; b) P. H. Dixneuf,
V. Cadierno, Metal-Catalyzed Reactions in Water, Wiley-VCH, 2013; c)
Y. M. A. Yamada, T. Arakawa, H. Hocke, Y. Uozumi, Angew. Chem.
2007, 119, 718; Angew. Chem. Int. Ed. 2007, 46, 704.
[7] a) U. Heiz, U. Landman, Nanocatalysis, Springer, 2006; b) K. An, G.

167

Somorjai, ChemCatChem. 2012, 4, 1512; c) A. Zecchina, S. Bordiga, E.
Groppo, Selective Nanocatalysts and Nanoscience: Concepts for
Heterogeneous and Homogeneous Catalysis, Wiley-VCH, 2011; d) J. T.
Richardson, Principles of Catalyst Development, Plenum Press, New
York, 1989.
[8] a) J. M. Thomasand, W. J. Thomas, Principles and Practice of
Heterogeneous Catalysis, Wiley-VCH, 1996; b) R. A. Sheldon, I. Arends,
U. Hanefeld, Green Chemistry and Catalysis, Wiley-VCH 2007; c) Y. M. .
Yamada, C. K. Jin, Y. Uozumi, Org. Lett. 2010, 12, 4540; d) M.
Shokouhimehr, J.-H. Kim and Y.-S. Lee, Synlett 2006, 618; e) R. A.
Sheldon, I. W. C. E. Arends, G.-J. T. Brink, A. Dijksman, Acc. Chem. Res.
2002, 35, 774.
[9] a) L. L. Chng, N. Erathodiyil, J. Y. Ying, Acc. Chem. Res. 2013, 46,
1825; b) M. Zhu, G. Diao, Nanoscale 2011, 3, 2748; c) J. Lu, P. H. Toy,
Chem. Rev. 2009, 109, 815; d) C. Perego, R. Millini, Chem. Soc. Rev.
2013, 42, 3956; e) K. Wilson, A. F. Lee, Heterogeneous Catalysts for
Clean Technology, Wiley-VCH, 2013.
[10] a) T. Mitsudome, K. Kaneda, ChemCatChem. 2013, 5, 1681; b) H. H.
Park, K. Woo, J.-P. Ahn, Scientific Reports 2013, 3, 1497; c)

168

[11] a) T. Mitsudome, Y. Takahashi, S. Ichikawa, T. Mizugaki, K.
Jitsukawa, K. Kaneda, Angew. Chem. 2013, 125, 1521; Angew. Chem. Int.
Ed. 2013, 52, 1481; b) T. Mitsudome, Y. Mikami, M. Matoba, T.
Mizugaki, K. Jitsukawa, K. Kaneda, Angew. Chem. 2012, 124, 140;
Angew. Chem. Int. Ed. 2012, 51, 136; c) Y. Wang, A. V. Biradar, C. T.
Duncan, T. Asefa, J. Mater. Chem. 2010, 20, 7834; d) H. Yang, Y. Chong,
X. Li, H. Ge, W. Fan, J. Wang, Y. Wang, A. V. Biradar, C. T. Duncan, T.
Asefa,

J. Mater. Chem. 2012, 22, 9069; e) M. Kim, J. C. Park, A. Kim,

K. H. Park, H. Song, Langmuir 2012, 28, 6441.
[12] a) J. M. Thomas, W. J. Thomas, Principles and Practice of
Heterogeneous Catalysis, VCH, 1997; b) R. A. Sheldon, H. van Bekkum,
Fine Chemicals through Heterogeneous Catalysis, Wiley-VCH, 2008.
[13] a) S. S. Lee, S. N. Riduan, N. Erathodiyil, J. Lim, J. L. Cheong, J.
Cha, Y. Han, J. Y. Ying, Chem. Eur. J. 2012, 18, 7394; b) M. Zhu, Y.
Wang, C. Wang, W. Li, G. Diao, Catal. Sci. Technol. 2013, 3, 952.
[14] S. W. Jun, M. Shokouhimehr, D. J. Lee, Y. Jang, J. Park, T. Hyeon,
Chem. Commun. 2013, 49, 7821.
[15] Y. Piao, Y. Jang, M. Shokouhimehr, I. S. Lee, T. Hyeon, Small 2007,
2, 255.

169

[16] A. Indra, C. S. Gopinath, S. Bhaduri, G. K. Lahiri, Catal. Sci.
Technol. 2013, 3, 1625.
[17] a) J. Tsuji, Palladium Reagents and Catalysts, Wiley-VCH: New
York, 1995. b) R. F. Heck, Palladium Reagents in Organic Syntheses,
Academic Press: New York, 1985; c) T. Iwasawa, M. Tokunaga, Y.
Obora, Y. Tsuji, J. Am. Chem. Soc. 2004, 126, 6554.
[18] P. Albers, J. Pietsch, S. F. Parker, J. Molecular. Catal. A: Chemical
2001, 173, 275.
[19] a) M. Shokouhimer, J. E. Lee, S. I. Han, T. Hyeon, Chem. Commun.
2013, 49, 4779; b) N. Sahiner, Prog. Polym. Sci. 2013, 38, 1329; c) J. Ge,
Q. Zhang, T. Zhang, Y. Yin, Angew. Chem. 2008, 120, 9056; Angew.
Chem. Int. Ed. 2008, 47, 8924.
[20] S. Shylesh, V. Schunemann, W. R. Thiel, Angew. Chem. 2010, 122,
3504; Angew. Chem. Int. Ed. 2010, 49, 3459.
[21] a) A. Suzuki, Angew. Chem. Int. Ed. 2011, 50, 6723; b) A. Fihri, M.
Bouhrara, B. Nekoueishahraki, J. M. Basset, V. Polshettiwar, Chem. Soc.
Rev. 2011, 40, 5181; c) N. Miyaura and A. Suzuki, Chem. Rev. 1995, 95,
2457.

170

초

록

이기종촉매는 석유정제, 정밀 화학, 제약 생산 및 에너지 변환
등 다양한 분야에서 매우 중요한 역할을 한다. 녹색 화학 공정
을 수행하고 제조 비용을 줄이기 위해 고도로 활성화된 재활용
인 가능한 안정적인 이종촉매를 제조하기 위한 경제적으로 확장
가능한 방법을 개발하는것이 중요한 이슈가 되고 있다. 이와 관
련하여, 다양한 구조, 모양 및 크기로 디자인된 이종나노물질은
개선된 촉매 변화를 개발하기 위한 적절한 촉매이다.
이 학위논문의 목적은 향상된 촉매 변환을 위한 이종나노 촉
매의 폭넓은 시야, 합성 및 응용을 제공하는 것이다. 이 논문은
총 네가지 장으로 구성되어 있는데, 첫 번째 장에서는 화학 공
정에서 이종 촉매로 성공적으로 사용되는 나노 물질 설계에 대
해 설명한다. 촉매 변환, 반응성, 이기종 촉매의 비활성화 및 이
기종 시스템의 재활용에서의 메조 포러스 물질과 고분자 나노
촉매등과 같은 다양한 이종 촉매 나노 물질에 대해 다룬다.
제 2장은 간단하고 경제적인 확장 공정에 의해 합성된 고활성
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자기적 재활용이 가능한 중공 나노 복합촉매에 대해서 설명한다.
디자인된 나노 복합체는 nitroarenes와 스즈키 크로스 커플링 반
응에서의 선택적인 감소에 우수한 촉매 활성을 나타내었다. 자
기 재생 중공 나노 복합 촉매는 쉽게 자석으로 분리되고, 연속
적으로 재생 될 수 있으며 대량으로 용이하게 합성될 수 있다.
제 3장은 자기 재활용 탄소 나노 복합체의 제조를 위한 그램
규모의 합성 과정을 설명한다. 다양한 나노 촉매를 지원하기 위
해 새로운 자기 재생 탄소 나노 복합재료가 간단하고 경제적인
방법을 통해 합성되었다. 다공성 탄소와 Fe3O4의 나노 입자로
구성되어 디자인된 나노 복합체는 Pd 및 Pt같은 다양한 나노 입
자 촉매를 쌓아서 확장형 플랫폼으로 사용될 수 있다. 이러한
특성은 nitroaromatics 와 스즈키 크로스 커플링 반응을 선택적
으로 감소하는데 검증되었고 촉매 반응을 효율적으로 하고 촉매
활성을 향상하는데 기여하였다.
마지막으로 제 4장은 물에 base-free반응 조건에서 알코올의
효율적인 산화를 위한 자기 재활용 코어-쉘 Pd나노 촉매의 설
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계와 제작을 보여준다. Polymer 매트릭스에 반으로 분배된 Pd
NPS는 가혹한 반응 조건하에서 높은 촉매 활성뿐만 아니라 나
노 촉매의 안정화를 제공한다. 더욱이 자기 분리는 반응 혼합물
로부터 활성의 Pd나노 촉매를 분리하고 재활용하는데 편리한
방법을 형성한다. 자기 재활용 코어-쉘 Pd나노 촉매는 간단한
공정을 사용하여 대규모로 제조 될 수 있다.

주요어:

나노 물질의 촉매, 이기종 촉매, 나노 복합체, 나노 촉

매, 코어-쉘 나노 구조, 자기 properties, 메조 포러스 나노 물질,
크로스 커플링 반응, 산화, 감소
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