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Introduction




1.1. Catalysis

A catalyst is a substance which accelerates the rate of the chemical reaction by providing lower
activation barrier for the reactants to form products. The energy profile diagram showing a reaction going
through catalytic and non-catalytic route is shown in Figure 1.1a. The concept of catalysis has a long history
and one of the early document on this concept was published by Jons Jacob Berzelius as early as 1835." This
report reviewed a number of earlier findings on chemical change in both heterogeneous and homogeneous
systems. The area of catalysis can be broadly classified into homogeneous and heterogeneous depending on the
phase of reactants and catalyst. In homogeneous catalysis both the reactants and catalyst are in same phase and
it provides an easy and facile interaction between the molecules. However, a major drawback involves the
isolation of products from the homogeneous medium and hence the recyclability. The reaction between
persulphate ions and iodide ions in water by Fe(ll) or Fe(lll) ions is an example for homogeneous catalysis
system.? The complete recovery can be achieved by the heterogeneous catalyst route where the catalyst is
usually metal or metal oxide nanoparticles dispersed on high surface area support and the reactants can be either
in liquid, in gas phase, or both. The hydrogenation of carbon-carbon double bond over Ni catalyst,® Haber
process for the synthesis of ammonia,* contact process® etc are few examples for industrially important
reactions which are carried through heterogeneous catalysis route. Since all the reactions studied in the thesis
goes through heterogeneous route, unless otherwise mentioned “catalysis” means heterogeneous catalysis
throughout the thesis.

The main catalytic steps includes adsorption and diffusion of reactants, chemical changes involving
formation of adsorbed complex, decomposition of adsorbed complex and desorption of products. A conceptual
framework about the idea of a optimum catalyst can be explained by Sabatier Principle.® It states that the best
catalyst should bind molecules with an intermediate strength, neither too strong nor too weak to activate the
reactants and for easy desorption of the products. This leads to volcano type relationship between activity and

bond strength as shown in Figure 1.1b.’
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Figure 1.1: The energy profile diagram for a catalytic reaction and representation of qualitative Sabatier
principle.”

Metal surfaces and foils were used in laboratory as early as 1800 by Joseph Priestly for the hydrogenation of
alcohols. In 1813, Louis Jacques Thenard discovered that ammonia can be decomposed into nitrogen and
hydrogen when passed over various red-hot metal surfaces.® The phenomenon of heterogeneous catalytic
oxidation by Pt wires was discovered by Humphry Davy in 1817.° The discovery of spongy Pt as catalyst for
the combination of H, and O, at room temperature has been explained by Dobereiner.® In 1903 Arrhenius
explained the temperature dependence of rate of reaction and formulated Arrhenius equation.’* Paul Sabatier
was awarded the Nobel prize in 1912 for his contribution of hydrogenating organic compounds in the presence
of finely disintegrated metals.> The Haber process for the synthesis of ammonia was recognized by Nobel Prize
in 1918, wherein a spongy iron catalyst was used for the activation of N,.** The developments in industrial
catalysis dates back to 1920-1940’s which showed achievements ranging from methanol synthesis,** catalytic
reforming,*® catalytic cracking,'® Fischer Tropsch synthesis etc.'” A branch of catalysis which has become an
area of intense research over the last few decades is Nanocatalysis. This has reference to the lecture (There is
plenty of room at the Bottom) by Richard Feynman who envisaged the immense possibility and application of
individual atoms or group of atoms for chemical and physical processes.® One of the earlier findings by

Michael Faraday who coined the word “divided metal’ to colloidal Au, can be considered as the beginning of

3




the area of nanoscience.'® Nanoparticles derived from the bulk metals, are found to be potential heterogeneous
catalysts for several chemical reactions.?>** As one moves from bulk to nanoscale, two basic size dependent
effects can be observed. A smoothly scalable ones which depends on fraction of atoms on the surface and
quantum size effect which is non scalable.?
Surface effects induced by fraction of atoms on the surface

Atoms at the surface have lesser number of nearest neighbors as compared to the atom in the bulk.
Particles with large number of surface atoms have low mean coordination number. Fraction of atoms at the
surface is called dispersion and it scales with surface area to volume ratio i.e. with inverse of radius and also
with N as shown in Figure 1.2a.® Atoms at the surface are less stable and this leads to better chemical
activity as they bind with adsorbate molecules to minimize their surface energy. For a cubic crystal degree of
unsaturation follows the order corner sites > edge > in plane surface atoms > bulk atoms. This means that the
activity trend follows the reverse order. Similarly, the lower stability of the surface atom can show interesting
physical properties like lowering of melting point of a system. For instance, the melting point of a 2.5 nm Au
nanoparticle is found to be 930 K which is much lower than its bulk value of 1336 K.2*
Quantum size effects

Atoms have atomic orbitals and they overlap to form extended band structures in case of metals and
semiconductors. It is known that one electron energy level of atoms splits into two levels when a dimeric
molecule is formed from these atoms. So with the increase in the number of atoms in a cluster, energy levels
split and merge into a continuous band structure as in bulk. But in case of smaller particles electronic states are
not continuous but discrete due to the confinement of electron wave function. Average spacing of such
successive quantum levels is called Kubo gap, a=4E#/3N, where E; is the Fermi energy of the bulk, N is the No.
of atoms in the cluster. The energy level spacing varies inversely with the no. of atoms in the cluster. As we
move from bulk to atomic level, Kubo gap goes from smaller to larger values. As the Kubo gap increases, there

|.25

will be decrease in the density of states at the Fermi level.” This results in a shift in the conductive properties




from metallic to semiconducting to insulating with decreasing size (as shown in Figure 1.2b) which is a

manifestation of electronic structure modification as we move from bulk to nanoregime.?®
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Figure 1.2: Schematic representation of change in surface to volume ratio of a nanoparticle with size and change

in the electronic structure of a bulk metal with size. %

1.2. Structure dependent chemical reactivity

The emerging field of nanoscience has paved a way to investigate the properties that depend on particle
size and shape. One of the important properties that depend on size is the chemical reactivity in which bonds are
broken or formed on the surface of nanoparticles. Decreased particle size may increase, decrease or have no
effect on the reaction rates. Boudart was the one to classify the reactions as structure sensitive and insensitive
reactions.?’ In this report, he describes structure sensitive reactions as demanding reactions and insensitive ones
as facile reactions. A facile reaction can be defined as one for which the specific activity is independent of the
surface structure. The activity per metal atom towards hydrogenation of benzene on metals like Pt, Pd, Ni
supported on silica, silica-alumina, silica magnesia were found to be independent of metal dispersion and
support used.?® Demanding reactions are those which depend on surface structure. van Santen has recently
reviewed molecular level description for three classes of structure sensitivity.”® In the particle size regime
between 2 nm and 20 nm three types of reactivity can be distinguished as shown in Figure 1.3.%° The rate of

some reaction is found to increase with decrease in particle size, some are independent of particle size, and
5




some decreases with decrease in size. The nature of the substrate bond activated determines which surface atom
rearrangement provides the lowest activation barrier. Class | structure sensitivity behavior occurs for reactions
where rate limiting step involves the formation or dissociation of © type bond. Ex: dissociation of CO or No.
The activation of ¢ bond such as CH bonds in methane falls in class II category which shows a uniform increase
in reaction rate with decreasing particle size. The reverse reaction of adsorbed hydrogen recombining with

adsorbed alkyl is independent of particle size and shows class 11 structure sensitivity behavior.

(1)

(2)

TON (s°)

e

Diameter (nm)

Figure 1.3: The three different kinds of structure sensitivity-particle size relationship plotted as turnover number
for selected reactions versus particle size.*

The investigation of structure dependency have led to several surface science single crystal studies
notably by Somorjai*! and Yates.** With the advent of scanning probe microscopes, Ertl and coworkers
demonstrated the first direct STM visualization of the active sites for the dissociation of NO over atomically
resolved Ruthenium surfaces.*® The distribution of N, atoms after the dissociation helped for the identification
of active sites which are low coordinated top metal atom on step sites. The activity of step atoms is proposed to
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be due to the change in local electronic structure.®® Up to recent years, a majority of structure-activity
correlation studies were made through model surface science studies where high end surface science tools were
employed to look at single crystal surfaces or thin film metal nanoparticle/metal oxide thin film surfaces.®*®
The advances made in the synthesis have helped to tune the size and shape of the nanoparticles.®**’ The size
dependent catalytic activity can be due to the geometrical and electronic modification that occurs on particles in
nanosize regime which alter the way the reactants gets activated. The enhanced activity can be also attributed to
the arrangement of atoms on the exposed facet. One way to change the surface structure is to change the particle
size and in nanocatalysis, Haruta et al reported in their classic papers which described the size effect in catalysis
by gold.®® They proved that gold (Au) which is inert in the bulk form, were found to be active for CO oxidation
when finely divided into small particles below 5 nm. The presence of under coordinated atoms, change in the
electronic structure (metal to non-metal transition),*® metal-support interaction®® can be attributed reasons for
this enhanced activity in “nano” regime.

Apart from size, the particle morphology is also found to influence the catalytic behavior. The

adsorption and desorption of molecules is strongly dependent on the crystallographic facets.*" If the activity or

selectivity is tuned by the facet exposed then such reactions are termed facet dependent reactions.
1.3. Surface structure

Catalytically important transition metals falls in face centered cubic (fcc), body centered cubic (bcc) or
hexagonally closed packed (hcp) crystal structures. A nanoparticle surface commonly exposes low index facets
like {100}, {111} or {110} to minimize the surface energies (see Figure 1.4). These facets differ in their co-
ordination number. For example on a {100} plane, each atom is surrounded by 8 other atoms, and for a {111}
facet the co-ordination number is 9 and 7 for a {110} plane. The most stable surface is {111} and {110} is a
more open surface. These surfaces provide different adsorption sites for molecules viz on top sites, bridging

sites and hollow sites and are low energy surfaces. The class of high energy surfaces is termed high index




faceted structures. They are vicinal surfaces consisting of terraces separated by atomic step. For example {331}

surface is found to be composed of 2 atom wide {111} terrace followed by {110} monoatomic step.*

Figure 1.4: The figure showing the atomic model for different facets for a fcc metal (generated by Surface
Explorer )

El-sayed and coworkers were one of the first groups to show shape dependent chemical activity on Pt
nanoparticles.”® They were successful in synthesizing Pt cubes, spheres and tetrahedras and showed the electron
transfer reaction between thiosuphate and hexacyanoferrate to be facet dependent. They observed that Pt
tetrahedrons were found to show highest activity when compared to Pt cubes and the activity was co-related to
the fraction of surface atoms exposed on the corners and edges of the Pt nanoparticles. In another report,
Somorjai and coworkers found that the hydrogenation of benzene over Pt nanoparticles was morphology

dependent.** They concluded that cyclohexane was the only product in case of Pt nanocubes while both
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cyclohexene and cyclohexane were formed on a cubooctahedron which exposes both {100} and {111} facets.**
The selective hydrogenation of o, unsaturated aldehydes on supported Pt catalysts was found to be facet
dependent. For instance, the selective hydrogenation of crotonaldehyde to crotyl alcohol is achieved on Pt
nanoparticles of larger size (2.3-17 nm) than smaller ones (1.8 nm).** The larger fraction of {111} facets on a
bigger Pt nanoparticle is concluded to favor the adsorption of crotonaldehyde via carbonyl bond favoring its
hydrogenation. But on the surface of smaller nanoparticle both unsaturated bonds (C=0 and C=C) get activated
owing to the presence of under coordinated sites leading to complete hydrogenation. Similar structure
dependence was also observed for the hydrogenation of 2-butyne-2,4-diol, styrene epoxide,*® 2-methyl-3-buten-
2-0l,*" and nitrobenzene*® by Pd nanoparticles. Tetrahedral Rhodium nanoparticles which exposes {111} planes
were found to selectively hydrogenate anthracene to the desired product.”® In the hydrogenation of aromatic
nitrocompounds to amines, the activity of Au nanoparticles followed the order nanospheres > nanoprisms >
nanorods.* It is also reported that the epoxidation of ethylene and styrene on silver nanoparticles is structure
sensitive.”™? Ru>*>* and Co® catalysed reactions are also found to be morphology dependent. Such model
nanoparticle surfaces can bridge the gap between single crystal surfaces and real world catalyst and can be

potential candidates for validating the hypothesis of active sites in heterogeneous catalysis.
1.4. Structure Sensitivity: Theoretical Background

Bronsted Evans Polanyi (BEP) relations

A supported metal nanoparticle in a high surface area catalyst exposes different atoms with different local
geometries viz planes, edges, corners, steps, kinks etc. These sites are independent of each other in their
27,29,33,57-61 The

activity.”® The nature of active sites and catalytic activity has been debated in the literature.

surface structure is found to affect the reactivity in two ways.

I. Geometric

Il.  Electronic




Surface metal atoms in different environments will have different electronic structures (d-band center) and they
interact differently with the adsorbate molecules.®”®* For instance late transition elements tend to have a high
lying d-band center and they are found to interact strongly with the molecules. Similarly different surface
geometries can provide different atomic configuration to the molecule for bonding and this can be the
geometrical effect. For example, a step atom has higher lying d-states as well as new surface atom configuration
(low coordination) which can result in interaction with reactant molecules and thereby exhibits a different
reactivity. To probe which is the exact factor whether geometric or electronic a linear relationship between
activation energy and reaction energy called Bronsted Evans Polanyi lines have been theoretically formulated.®
To explain this, activation energies of surface reactions are often found to be roughly linear to the reaction

energies. For instance, BEP plot for dissociation of methane and N is shown in Figure 1.5.%¢¢’
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Figure 1.5: The BEP relations for dissociation of a) methane and b) N, over stepped and closed packed surfaces
of different metals.*®%%®

The Figure 1.5 shows the BEP lines for dissociation of methane and N, on different crystal structures. For
dissociation of methane a linear relation is found, still there can be electronic effects which can change the
reaction energy. From the Figure 1.5a it can be seen that Ni {221} is shifted to left when compared to Ni {111}.

This can be attributed to the concept of d band. The step atom is under coordinated and have high lying d band

center which can interact with adsorbate strongly. This electronic effect causes the displacement in BEP lines.
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Considering the dissociation of Ny, there is large shift in BEP lines of different geometries. It is found that
stepped and open surfaces have low lying BEP lines. This shows that if the point of a given metal changes on
the x-axis when geometry changes, the effect is purely electronic and if the reaction energy is fixed and the Ea
changes then the effect is purely geometrical. Thus both these effects can be separated. Three classes of
structural dependence of surface reactivity have been concluded by BEP analysis method namely strong
structural effects (due to geometrical effects), weak structural effect (electronic effect) and no structural effects.
This can theoretically provide an idea about the nature of active sites in heterogeneous catalysis at a molecular
level. How the BEP relations determine the trends in catalytic activity from one metal to the next has been

explained through the so-called volcano relationships.
1.5. Elucidation of active sites

The presence of under coordinated atoms on the surface of a nanoparticle makes it active for a chemical
reaction. Such atoms or group of atoms which can activate reactant molecules and which can change the course
of a chemical reaction can be termed as ‘Active sites’ as proposed by Taylor in 1925.>" The concept of such
ensemble of atoms in the form of B5 sites on Ru nanocluster®® and C7 sites on Fe {111} single crystal surface™
and their role of increasing the activity towards ammonia synthesis has been reported by Dahl et.al*® and

Spencer et.al.”

The elucidation of active sites responsible for catalytic activity is an area of immense interest
and has paved way for several reports from UHV studies on single crystal surfaces to real world nanocatalysts.

1.5.1. Model single crystal surfaces

Catalysis at the surface is found to be sensitive to the size and arrangement of atoms at the interface
where the reaction occurs. This structure-activity relationship has been elucidated on single crystal surfaces and
has motivated the synthesis of shape controlled nanoparticle systems. The development of surface science
techniques to model nanoparticle surfaces is summarized in Figure 1.6. The extensive use of UHV techniques
for studying the interaction of molecules with surface of metals have led to further understanding of properties

of a surface under operating conditions. The conditions used in UHV techniques are highly ideal, the pressures
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used is several magnitude of orders less (10™° mbar) when compared to a real world catalytic system which
operates at high pressures (1-100 bar). This can be termed as Pressure Gap in surface science. Moreover a
catalyst is a metal in nanoregime most commonly supported on high surface area support; these metal
nanoparticles are polycrystalline and exposes rough surfaces of different low energy facets. But the single
crystal surfaces used in surface science studies exposes a single facet which is smooth on an atomic scale. This
is termed Material Gap in surface science. Due to the much idealized nature of the surface science UHV studies,
its relevance to the real world catalysis phenomena should be established. Recently, experimental systems are
developed where a high pressure reactor system is combined with a UHV chamber.”" The kinetics of the
reaction can be obtained from reactor system and the understanding of catalytic system before and post reaction

can be done in the UHV analysis chamber.

Nanosciences
Monodispersed nanoparticles 2D and 3D

Applications in Catalysis, Tribology, Polymers,
Biointerfaces, Microelectronics, Energy Conversions,
Environmental Chemistry, Electrochemistry, Corrosion

_Surface Instruments at High Pressures, Liquid Interfaces
(STM, SFG, AFM, QCM, RAIRS)

tween incident and product molecules
td molecules along surfaces during catalytic turnover

Netals, Semiconductors)

PS, AES, LEED, SIMS)

Figure 1.6: The developments in surface science ranging from UHV techniques to nanoparticle systems.”

The importance of defect sites catalyzing chemical reactions has been well appreciated in surface
chemistry and catalysis. It has been proved that a stepped or kinked surface can change the course of a chemical
reaction by lowering the activation barrier for bond breaking and making when compared to a terrace site. The

production rate of ammonia was found to depend on the facet exposed and the formation rate followed the order
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Fe {111} >> Fe {100} > Fe {110}.7%7*" Another report showed that a stepped surface Fe {211} was more
active than Fe {210} for ammonia production. Single crystal surface science studies on Pt crystals have shown
that only cyclohexane was formed during benzene hydrogenation on {100} facet while mixture of cyclohexane
and cyclohexene is formed on {111} facets and this was experimentally proved by Somorjai on shape
controlled nanoparticle surfaces.””” The dissociation of N, was found to be totally dominated by steps than on
terrace sites by DFT and Molecular Beam (MB) techniques by Chorkendorff and coworkers.®® A theoretical
study also proved that the adsorption and activation of molecules like O, and CO is more favorable on step sites
than on terrace.”® Surface science studies on stepped single crystal surface have contributed immensely to the
understanding of defect chemistry. The step sites on Au {310} surface were found to decompose small
molecules like NO and methanol as reported by Vinod and coworkers.” The general trend in the activity of
small molecules on nanoparticles has been presented recently and highly recommended for further reading.”*®
1.5.2. Model Nanoparticle systems

The size, morphology and composition dependent catalytic activity studies have been pursued over the
past decade. The shape of the nanoparticle determines the anisotropy, crystallinity and exposed facets of the
material. Facets are the flat faces of a particular polyhedron. Based on the arrangement of atoms on the exposed

planes, faceted nanomaterials are of two categories low index and high index faceted nanoparticles and can be

denoted by miller index values.®®
1.6. Low index faceted nanoparticles

Low index facet is one where the sum of all the three components {hkl} is small. If the growth of a facet
is under thermodynamic control, such nanomaterial will be bound by low index facets viz {111}, {100}, {110}
depending on their surface energy. For fcc metals the surface energy of the nanoparticle follow the order y{111}
< v{100} < v{110} < y{hki}.2** For noble metal commonly observed shapes are octahedrons, truncated
octahedrons, cubes, cubooctahedron with different propotions of {111}/ {100}/ {110} facets (see Figure

1.7).These morphologically controlled transition metal nanoparticles have found potential applications as
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44,90-92

catalyst for Suzuki reactions,®®® CO oxidation,® styrene oxidation,® hydrogenation and electrocatalytic

93-94

reaction.

Figure 1.7: The morphology of different low index faceted nanostructures which can be obtained by changing

the {111} to {100} facet ratio.”
1.7.  High Index faceted nanoparticles

High index faceted nanoparticles are denoted by a set of miller indices {hkl} value where one of the
values is greater than unity.®” They expose open surfaces with atoms of under co-ordination. These under
coordinated atoms can serve as active centers for a chemical reaction. Due to this they exhibit better catalytic
activity when compared to their low index counterparts. The high index facets grow faster to minimize the
surface energy. Apparently it is a challenge to synthesise such high energy surfaces.

1.7.1. Determination of high index facets

A direct relationship between the surface plane and polyhedral profile can be deduced from the unit
stereographic triangle as shown in Figure 1.8.%° In this graph, the three vertices of the triangle represent the
three low index polyhedra: a cube with 6 {100} facets, an octahedron with 8 {111} facets and a rhombic
dodecahedron with 12 {110} facets. In contrast the polyhedrons lying along the edges and inside the triangle
represents high index faceted polyhedras namely Tetrahexahedron {hk0} (THH) which exposes 24 (h >k > | =
0) high index facets, Trapezohedron TPH by 24 {hkl} (h > k = I> 0), Trisoctahedron TOH by 24 {hkl} (h =k >
| > 0), and Hexooctahedron HOH by 48 {hki} (h > k > | > 0) facets. An increasing number of such facets
increase the number of under coordinated sites such as steps and kinks. A high indexed polyhedron lying along
the edge can be geometrically viewed as an integration of two low index faceted polyhedral lying along the two

ends at its sideline. For instance, THH is integration between a cube and a rhombic dodecahedron. All the
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polyhedras presented in the triangle are convex structures. For example THH can be considered as a cube with
each face “pulled out” to form a square pyramid. In contrast to them, concave polyhedra enclosed by the same

group of high-index facets are also achievable by “pushing in” the centers of the desired facets.

Rhombic Dodecahedron

@
(432)

& G

‘ ' (433) 211)

Trapezohedron {hkk}

37,96

Figure 1.8: Unit stereographic triangle showing different high index faceted nanoparticle systems.
In this graph, the three vertices of the triangle represent the three low index polyhedra: a cube with 6 {100}
facets, an octahedron with 8 {111} facets and a rhombic dodecahedron with 12 {110} facets. In contrast the
polyhedrons lying along the edges and inside the triangle represents high index faceted polyhedras namely
Tetrahexahedron {hk0} (THH) which exposes 24 (h > k > | = 0) high index facets, Trapezohedron TPH by 24
{hkl} (h > k = I> 0), Trisoctahedron TOH by 24 {hkl} (h = k > | > 0), and Hexooctahedron HOH by 48 {hklI} (h
>k > | > 0) facets. An increasing number of such facets increase the number of under coordinated sites such as
steps and kinks. A high indexed polyhedron lying along the edge can be geometrically viewed as an integration

of two low index faceted polyhedral lying along the two ends at its sideline. For instance, THH is integration
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between a cube and a rhombic dodecahedron. All the polyhedras presented in the triangle are convex structures.
For example THH can be considered as a cube with each face “pulled out” to form a square pyramid. In contrast
to them, concave polyhedra enclosed by the same group of high-index facets are also achievable by *“pushing
in” centers of the corresponding surfaces. For example, a concave cube could be viewed as a cube with centers
of the six square faces “pushed in” to generate square pyramid-shaped depressions. THH, TOH and TPH which
lie along the edges of the triangle corresponds to {001}, {011} and {110} crystallographic zone axis and the
facets expose characteristic step-terrace geometry.

1.7.2. Microfacet notation for denoting stepped surfaces

High-indexed 7 Surface Miller index | Microfacet | Projection | Projection Projection angel
polyhedron e facets (nz2) notation direction image /degree
(mu-1,0) | n(110)x(100) B 2 arctant| 1)
Tetr aélexah)echon [001] ({lilklf)%é; [001] a= 2arc anli g
(n,1,0) n(100)x(110) B=270-0
(n+1n-1n-1) | n(111)x(100) P (0
Trapezohedron < {hkk} 4 001 @ =2 arctan| — i
(TPH) O11] | oxs0) [001] )
2o-LL1) | n(100)x(111) B=270-a
a o A2D
(n+lao+1a-1) | n(111)x(110) R,
K . = 3 "
Tns(();tgl;{e)dlon (o] (ﬁlil]!i{_).; [110] Y | f=90-(a/2)+(;/2)
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Table 1.1: The table showing the crystallographic facets of different classes of high index faceted polyhedras
and projection method to evaluate their microfacet notation.*’
A microfacet notation of the form n(h,k.l,) X (hik.l;) has been developed by Somorjai and coworkers to

visualize the high index stepped surface on Pt nanoparticle.”” The notation means there is n atom wide (h,k,,)
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terrace followed by atomic (hgk,l,) steps. It can be easily deduced from the table 1.1, the notation for specific
polyhedra. For example, {331} facets on TOH can be expressed as 2(111) X (110), indicating a stepped surface
composed of a terrace in two atomic width of (111) symmetry, separated by a monatomic step of (110)

symmetry as shown in Figure 1.9.%

Figure 1.9: The HRTEM image of a trisoctahedral Au nanoparticle showing the step terrace geometry along the
edge and the atomic model of the same.*

1.7.3. Projection angle method for the identification of high index facets

A

4
=] o [ ] v
221y | 1410 | 90° | 1410
331} | 1295 | 1020 | 1535°
{aa1y | 1240 | 108° | 160°
(332} | 1535° | 78° | 129.5°

Figure 1.10: The model of trisoctahedra along with the theoretically calculated projection angles and TEM

image of the same showing the experimentally derived angles for the determination of high index facets.*
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This is another simple and efficient way to visualize a high index facet by measuring the projection
angle along an appropriate crystallographic zone axis. For example from the table 1.1 we can deduce that a
trisoctahedra can be best viewed as octagons along [110] projection direction projecting angles o and 3 and y
which can be calculated using appropriate equations as shown in the table 1.1 and the TEM image showing the
experimentally derived angles (see Figure 1.10).%
1.7.4. Morphologically controlled high index faceted structures and their reactivity

The developments made in the synthesis strategy have paved way for the numerous numbers of reports
on high index faceted nanoparticles and their enhanced chemical activity.*”® In the following section we
discuss the reactivity of specific high index planes.
{hkO} facets:
Na Tian and co-workers synthesized Platinum nanocrystals of Tetrahexahedral shape from Platinum

nanospheres by applying a square wave potential.*®

The single crystals were enclosed by 24 high index facets
such as {730}, {210} and {520} which have large number of dangling bonds and atomic steps. They showed
enhanced chemical activity in electro oxidation reaction.*® Xia and coworkers were able to synthesise Platinum
concave nanocubes enclosed by {510}, {720}, {830} by the simple reduction of Pt precursor in aqueous
solution.*® Han et al developed a facile yet effective seed-mediated method which produced a high yield of Au
NPs with a well déined truncated ditetragonal prism (TDP) shape at room temperature. *° The monodisperse
Au TDP NPs are single crystals enclosed by 12 high-index {310} facets. Electro deposition method to fabricate
THH Pd NCs enclosed by {730} high-index facets were reported and they exhibited 4-6 times higher catalytic
activity than commercial Pd black catalyst.!®* Fivefold twinned Pd nanorods bound by high-index facets of
{hk0} or {hkk} prepared by an electrochemical method were found to show high activity for ethanol
oxidation.'® Xia et al reported a simple procedure based on seeded growth to the synthesis of Pd concave
nanocubes bound by high index {730} facets, where Pd nanocubes were used as seeds for the reduction of a Pd

precursor in an aqueous solution.'® These Pd concave nanocubes were found to exhibit a high catalytic activity

towards Suzuki reaction. Nanocatalysts with high index facets exposed were found to improve the rate of
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oxygen reduction reaction (ORR). For example, it was reported that the specific activity toward ORR on {720}
bound Pt concave nanocubes was higher than that of low-indexed Pt nanocubes and Pt nanocuboctahedra
respectively of similar size.*

{hhl} facets:

As a successful example in solution phase synthesis of high-indexed nanopolyhedra, Au TOH NCs with a size
of larger than 100 nm were prepared, and their surface planes were ascribed to 24 {221} facets.*? Subsequently
concave trisoctahedral (TOH) gold nanocrystals (NCs) enclosed by {221} and {331} facets with uniform and
customizable sizes were synthesized by a seed-mediated growth method CTAC as the capping agent by Lu
etal.** 1% Taking {221} as an example, it can be described as 3(111) X (110) based on micro facet expression,
in which the atomic arrangement is periodic with three atomic widths of (111) terraces, followed by one atomic
width of a (110) steps.** These structures were found to exhibit distinct optical properties.

{hkk} facets:

Zhou and coworkers synthesized a trapezohedra TPH Pd exposing 24 {hkk} facet by electrochemical
method and they were found to show enhanced chemical activity towards oxidation of small organic fuels.®
Zheng et.al described a synthesis strategy for {hkk} facet bound Pd octapods. These octapods were found to
expose {411} facets.*®®%” High index {hkk} facets has been also observed for Pd fivefold twinned nanorods
and Pt tripod structures.'%#%

{hkl} facets:

Hexoctahedron (HOH) is a representative polyhedral exposing 48 {hkl} facets. This polyhedron can be viewed
as trisoctahedra with each edge bending outward from the center or a tetrahexahedra with each edge bending
inward from the center. Platinum nanocrystals with HOH morphology were first synthesized by Zhou et al and
is found to catalyze formic acid oxidation effectively.’®® HOH Au nanoparticles were also reported and were

found to show enhanced SERS activity.!? The representative microscopic images of high index faceted

nanoparticle systems are shown in Figure 1.11.
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Figure 1.11: Microscopic details of different high index faceted nanostructures showing a) tetrahexahedron

111

Au,'° b) Pd concave cubes,™ c) ditetragonal Au prism,*® and d) spindle shaped Au nanoparticles.**?

1.8. Analytical Methods

Morphology controlled nanoparticles can be characterized by various analytical tools. The following
section gives a brief introduction to these techniques and also the equipments used in this thesis for studying
catalysis by these materials.

1.8.1. UV-Visible spectroscopy

UV-Visible spectroscopy is an analytical technique used to quantify the amount of absorbed and
scattered light by a sample. The sample of interest is placed between a light source and a photo detector, and the
intensity of a beam of light is measured before and after passing through the sample. These measurements are
compared at each wavelength to quantify the sample’s wavelength dependent extinction spectrum. The data is
typically plotted as extinction as a function of wavelength. Each spectrum is background corrected using a
“blank”. This method has been used to characterize metal nanoparticles in colloidal solution Metal
nanoparticles in solution absorbs light in the UV-Vis region of the electromagnetic spectrum and will give a

broad absorption spectra; typically gold, silver and copper nanoparticles in the visible region. These absorptions
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are due to the phenomenon of Surface Plasmon Resonance (SPR). The SPR can be described as the collective
oscillation of the conductive electrons in a solid stimulated by incident light. The origin of SPR in noble metal

nanoparticle has been discussed by El sayed and coworkers.'*?

+++
+
Nanoparticle [nverse of Electrons
Incoming Light on Nanoparticle

Surface

Figure 1.12: Schematic representation of origin of surface Plasmon Resonance by the interaction of conduction
band electrons with light.*3

The free d electrons with approximate mean free path of 50 nm in case of gold and silver are mobile on a
nanoparticle surface. When the nanoparticle size is less than this mean free path, no scattering occurs and when
the wavelength of incident light is much larger than the nanoparticle size, it can set up oscillation of surface
electrons as shown in Figure 1.12. As the wave front of the light passes, the electron density in the particle is
polarized to one surface and oscillates in resonance with the light’s frequency causing a standing oscillation.
The resonance condition is referred to as the surface plasmon resonance, since it is located at the surface. The
resonance depends on size, shape, solvent, dielectric constant etc.

1.8.2. X-ray diffraction

Powder X-ray diffraction is extensively used for the characterization of synthesized crystalline materials. It is

used mainly for the identification of unknown materials and to characterize the crystallographic structure,

crystallite size (grain size), and preferred orientation in polycrystalline or powder solid samples. The XRD

21




method involves the interaction between the incident monochromatized X-rays (like Cu Ko or Mo Ka source)
with the atoms of a periodic lattice. X-rays scattered by atoms in an ordered lattice interfere constructively in
directions given by Bragg’s law:
nA = 2dsin 6

Where, 4 is the wavelength of the X-rays, d is the distance between two lattice planes, 4 is the angle between the
incoming X-rays and the normal to the reflecting lattice plane and n is an integer known as the order of
reflection.

Bragg peaks are measured by observing the intensity of the scattered radiation as a function of scattering angle
26. The angles of maximum intensity enable one to calculate the spacing’s between the lattice planes and allow
phase identifications while the width of diffraction peaks carries information on the dimensions of the reflecting

planes. The width of the diffraction lines can be further used to estimate the crystal size by the Debye-Scherrer

y) : .
formula: Dy, = ﬁoc”;ﬁ where Dhkl, 4, f and 6 are the volume averaged particle diameter, X-ray wavelength,

full width at half maximum (FWHM) and diffraction angle, respectively, and k is a constant, often taken as 1.
A major limitation of XRD is that this technique requires samples, which possess sufficient long-range order.
Amorphous phases and small particles give either broad or weak diffraction lines or no diffraction at all, which
makes them virtually invisible for XRD.
1.8.3. Transmission Electron Microscopy

Transmission electron microscope is a powerful analytical tool for nanomaterial science. The atomic
details can be analyzed by looking at the interaction between the sample and high energy electrons which are
incident on a thin layer of sample. TEM works on the principle of optical microscope but uses electrons instead
of light. Since the wavelength of accelerated electrons is small, (~ 2.24 pm at 300 keV) one can get the finest
internal structure even the individual atoms.**>**®* A coherent beam of accelerated electrons from the field
emission or thermionic emission is focused onto specimen using a condenser lens. Depending on the thickness
and electron transparency of the sample, the electrons are transmitted through the sample.

22




Incident electron beam

l

Electron gun <

Lower mass Higher mass

Objective
* Condenser system lens
Objective
aperture

- [—
Objective lens system

Projector lens system <

Image plane

Intensity
profile

Figure 1.13: The schematic representation of transmission electron microscope.
These transmitted electrons are directed to phosphor screen or charge coupled device using a objective lens
Obijective apertures are used to enhance the contrast by filtering out high-angle diffracted electrons. The image
is enlarged and the contrast is found to depend on atomic number The areas having dark contrast shows that
fewer electrons are transmitted (higher atomic number) while lighter areas represent those areas where there are
fewer electrons on the sample. The Figure 1.13 shows a schematic representation of path of electron beam from
electron gun to phosphor screen or CCD camera.
1.8.4. Inductively coupled Plasma (ICP) spectroscopy

Inductively coupled plasma spectroscopy, is an analytical technique used for the detection of the trace
metals. It is a type of emission spectroscopy that uses the inductively coupled plasma to produce excited atoms
and ions that emit electromagnetic radiations at wavelengths characteristic of a particular element. The intensity
of this emission is indicative of the concentration of the element within the sample.Plasma is an electrically

23




conducting gas of cations and free electrons in significant concentration. Argon is the most commonly used gas
for generating the plasma as the argon ions formed are capable of absorbing energy to attain high temperatures
of the order of 10,000 K and sustain the plasma for prolonged periods, almost indefinitely by further ionization.
1.8.5. Gas Chromatography

Gas Chromatography is a analytical tool to measure the concentration of components present in a
sample. The method is based on the selective adsorption and desorption of sample on to a stationary phase. This
means that the solutes are continuously partitioned between the adsorbent and the mobile phase either a gas or a
solvent mixture. The stronger the interaction of the solute with stationary phase, the slower the solute will
progress. The motion of the solute and solvent through the stationary phase in called elution. GC is carried out
using an instrument containing a long but very thin metal tube filled with an inert support (usually silica) as the
stationary phase and a stream of carrier gas as the mobile phase. The coiled tube, the "column" is heated in a
thermostatically controlled oven. A dilute solution of the liquid sample is typically prepared in a volatile solvent
such as diethyl ether. A small amount of this sample solution is then injected onto the column and is carried
forward by the helium carrier gas. The oven temperature is typically gradually increased up to about 270 °C
over a 10 to 20 minute period. In general, the lower the boiling point of the liquid, the quicker it will be carried
through the column (so it has a short retention time). When the sample exits the column, the liquid is detected
by the detector and the amount of liquid is measured, this information is usually plotted as a "trace" with x axis
as time and the y axis the response of the detector as the abundance (i.e. the amount detected). The detectors are
of different types like Flame lonsiation detector, thermal conductivity detectors, Electron capture detector,
Photo ionization detector etc. The carrier gas can be Nitrogen, helium or argon and should be chemically inert.
1.8.6. Ny Physisorption

The most common method of measuring surface area and textural characteristics of catalytic materials is
that based on the theory developed by Brunauer, Emmett and Teller (BET), considering the multilayer

adsorption. The BET equation can be represented as:

p/v(po—p) =1/Vpe + [(c = D)V, ]p/Do
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where, p is adsorption equilibrium pressure, po is saturation vapour pressure of the adsorbate at the
experimental temperature, V is volume of N, adsorbed at pressure p, Vm is volume of adsorbate required for
monolayer coverage and c, a constant that is related to the heat of adsorption and liquefaction. A linear

relationship between p/vq,,—p) and p/p, is required to obtain the quantity of nitrogen adsorbed. The

monolayer volume, V,, is given by 1/5 s where S is the slope and is equal to ¢ - 1/cV and | is the intercept
m

equal to 1/cV The surface area of the catalyst is related to Vm, by the equation, SA = <Vm/22414) N, o where
m

Na is Avogadro number and o is mean cross sectional area covered by one adsorbate molecule. The ¢ value
generally accepted for N, is 0.162 nm? Several computational procedures are available for the derivation of
pore size distribution of mesoporous samples from physisorption isotherms. Most popular among them is the
Barrett-Joyner-Halenda (BJH) model, which is based on speculative emptying of the pores by a stepwise
reduction of p/po, and allowance being made for the contraction of the multilayer in those pores already
emptied by the condensate. The mesopore size distribution is usually expressed as a plot of 4V,/Ar, versus ry,
where V, is the mesopore volume, and r, is the pore radius.

1.8.7. Dynamic Light scattering

Small particles in suspension undergo random thermal motion known as Brownian motion. This random motion
is modeled by the Stokes-Einstein equation. Below the equation is given in the form most often used for particle

size analysis.'"’

D, = £B;/31nD,

where Dy, is the hydrodynamic diameter of the particle, D ¢ is the translational diffusion coefficient, kg

Boltzmann constant, T- temperature, 1) is the dyanamic viscosity.

Light from the laser light source illuminates the sample in the cell. The scattered light signal is collected

with one of two detectors, either at a 90 degree (right angle) or 173 degree (back angle) scattering angle. The
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provision of both detectors allows more flexibility in choosing measurement conditions. Particles can be
dispersed in a variety of liquids. Only liquid refractive index and viscosity needs to be known for interpreting

the measurement results.

Backangle Right angle
detector &g '§¥ detector

[

by
[

sample "E

Figure 1.14: The Schematic representation of dynamic light scattering experiment.

The obtained optical signal shows random changes due to the randomly changing relative position of the
particles. The signal can be interpreted in terms of an autocorrelation function. Incoming data is processed in
real time with a digital signal processing device known as a correlator and the autocorrelation function as a
function of delay time, 1, is extracted. For a sample where all of the particles are the same size, the baseline
subtracted autocorrelation function, C, is simply an exponential decay of the following form:

C = exp(—2IQ)
The decay constant is proportional to the diffusion coefficient. I is readily derived from experimental data by a

curve fit. The diffusion coefficient is obtained from the relation I = Dig® where q is the scattering vector, given
by = (47T”/A) sin 6’/2. The refractive index of the liquid is n. The wavelength of the laser light is A, and

scattering angle, 0. Inserting Dy into the Stokes-Einstein equation above and solving for particle size is the final

step.
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1.8.8. Raman spectroscopy
Raman spectroscopy is based on the inelastic scattering of photons which lose energy by exciting

vibrations in the sample.!'®

When monochromatic light of frequency v, falls on a sample, majority of the
photons are elastically scattered and termed as Rayleigh scattering or inelastically in which a vibration is
excited (stokes band with frequency( v, — v,,;;, ) Or a vibrationally excited mode in the sample is deexcited (anti
stokes band with frequency (v, + v,;;,). The spectrum is that of the light scattering by the sample. Stokes lines
are at lower energy while the anti-Stokes lines are at energy greater than the Rayleigh peak. The positions of
Raman lines are expressed in ~ o, terms of Raman shift, 4v which is defined as per the following equation,
Av = (vs —vo) cm™ Where, 7; and To are the wave numbers of the source (or incident) radiation and the
observed scattered lines respectively. It is obvious that the Raman shifts of the Stokes lines would be positive
while for anti-Stokes lines, these would be negative.

1.8.9. Fourier Transform Infrared Spectroscopy (FTIR)

Absorption in the infrared region results in changes in vibrational and rotational status of the
molecules.™™® A molecule will absorb infrared light only if the absorption causes a change in the dipole moment.
IR spectroscopy is the technique widely used for elucidating the structure of molecules as well as determining
the purity of compounds. An IR spectrum is commonly obtained by passing IR radiation through a sample and
determining what fraction of the incident radiation is absorbed at a particular energy. The energy at which any
peak in an absorption spectrum appears corresponds to the frequency of a vibration of a part of a sample
molecule. In an FT-IR spectrometer, the radiation emerging from a source is passed through an interferometer
to the sample before reaching a detector. Upon amplification of the signal, in which high frequency
contributions have been eliminated by a filter, the data are converted to a digital form by an analog-to digital
converter and transferred to the computer for Fourier transformation. Here the entire spectrum is obtained for
each scan the interferometer makes, with the result that the total collection time needed to measure a spectrum

is much lower.
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1.9. Scope and objectives of the thesis work

Determination of active sites is an extremely important area of research in heterogeneous catalysis. The
synthesis of new functional nanomaterials with improved activity, selectivity and stability rely on the
identification of ‘active sites’. Understanding and elucidating the concept of active sites on a real catalyst
surface by adopting ideas from model single crystal surface science studies is attempted. To develop synthesis
protocols for well defined model nanostructures of gold, palladium and ruthenium metals which carry the
periodic active centers in the form of steps or kinks has been attempted. The main objective of the thesis is to
use such morphology controlled nanostructures for studying and validating the structure versus activity
correlations in catalysis.

1.10. Organization of thesis

The thesis is divided into 5 chapters. An abstract of each chapter is given below.

Chapter 1: This chapter gives an introduction to nanocatalysis, single crystal surface science studies, model
nanoparticle systems which expose low and high index facets, structure-sensitivity or facet dependent chemical
activity and theoretical background for structure sensitivity. This chapter also discusses the analytical methods
for the characterization of catalyst and tools used for analyzing catalytic reaction. It gives an outline about the
objective of the thesis.

Chapter 2: This chapter deals with the elucidation of active sites on Au nanoparticles in oxidation catalysis.
Briefly, the role of under coordinated step atoms, the presence of active metal-oxide interface and confinement
effects are probed using supported large trisoctahedral (TOH) Au nanoparticles towards catalyzing CO
oxidation. The trisoctahedral Au nanostructures which are found to expose periodic under coordinated step sites
which potentially activate molecules. They are supported on suitable supports and tested for benchmark CO
oxidation reaction. The proposed active metal-oxide perimeter model is elucidated by making an inverse system
i.e. TOH Au decorated by suitable metal oxide and by testing for CO oxidation. Further to this, the

trisoctahedral and the inverse system are confined in a porous shell, and the effect of this confinement on the
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chemical reactivity is probed. This chapter proves that Au can be made catalytically active in a size regime it
was previously demonstrated not to be active thereby proving the role of under coordinated atoms and role of
metal support interfaces.

Chapter 3: In this chapter, Palladium which is a good candidate for many hydrogenation, oxidation and coupling
reaction is tested for its structure sensitivity towards gas phase and liquid phase reactions. A seed mediated
synthesis protocol for the formation of Pd concave cubes and nanoflowers which exposes high index facets like
{310} and {311} that carries periodic defective centers is made. These nanoparticles in colloidal form are used
to catalyse Suzuki and Heck coupling. An attempt to correlate structure-activity relations is made by comparing
the activity of these high index faceted nanostructures with their low index counter parts. The efficiency of
these high index faceted structures in catalyzing gas phase reaction like CO oxidation reaction is also probed

and reported in this chapter.

Chapter 4: This chapter explains the catalytic activity of a self assembled Ruthenium nanostructure. The area of
self assembled nanostructures has gained importance as they can bridge the gap between nano and macro size
regime. Briefly, the chapter deals with the synthesis of Ru nanochains using a surfactant assisted seed mediated
protocol under mild conditions. They are found to possess corrugations and furrows on their surface which can
act as active centers. They are demonstrated to outperform small spherical Ru nanoparticles in CO oxidation

reaction.

Chapter 5: This chapter summarizes the conclusions drawn upon the investigations done on different structured
nanoparticle systems catalyzing reactions of industrial importance. The importance of under coordinated atoms
which can act as active centers in a chemical reaction is elucidated by adopting ideas from surface science
studies. Such model nanoparticle surfaces are closer to the real world catalysts and can be excellent materials

for bridging the material gap in surface science.
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Chapter-2
Oxidation catalysis by large trisoctahedral Au nanoparticles: Probing

the role of step atoms, interfaces and confinement effects. *

# The chapter is adapted from:
S. Sreedhala, V. Sudheesh Kumar and C. P. Vinod, Catalysis Today, 2015,244, 177-183

S.Sreedhala, Sruthi Maheshwari, Betsy K.J, C. P. Vinod, Applied Catalysis A, 2016, 524, 1-7
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2.1. Introduction

Gold is a catalytically inert material in the bulk form and this inertness has been explained in terms of d-
band model by Norksov and co-workers.! When it is finely divided as small particles with size less than 5 nm, it
is demonstrated to show excellent activity towards various chemical reactions.”® The major factors for this
enhanced activity includes the size of the nanoparticles,” support effect,” electronic modifications,® charge
transfer from support to metal,” presence of under co-ordinated atoms on the surface, presence of metal-oxide
interface®®® and stability of the catalyst towards sintering.'® The enhanced activity of a nanoparticle surface can
be attributed to the active sites proposed by Taylor in 1925 which can change the course of chemical reaction.
The quantification of such sites is challenging and is an area of considerable research interest. The concept has
been validated by several surface science studies. One of the earlier works by Dahl and co workers with
molecular beam experiments and DFT calculations proved that the dissociation of N, on a stepped Ru surface is
9 times higher than on a terrace site.'? The surface science studies on Au {310} surface showed that this surface
was capable of decomposing small molecules like methanol and NO.** A detailed calculations by Norskov and
co workers showed that activation of O, and CO is more favourable on step sites relative to a terrace sites.* The
developments made in the synthesis strategies have opened up a way for validating the reactivity of such sites
(step sites) on a nanoparticle surface.’

Nanoparticles which expose high index facets possess atoms of under coordination and such particles
can be model testing ground for validating the hypothesis of such active sites. To probe the role of under
coordinated atoms, a high index faceted Au nanostructure namely Trisoctahedron was chosen which was
anticipated to potentially activate molecules. A trisoctahedron can be considered as an octahedron with each of
its facet capped by triangular bipyramid. This polyhedron exposes 24 high index facets having miller index
{hhl} where h > I. Synthesis and high resolution TEM characterization of trisoctahedral nanoparticles of gold
reported recently have shown that these particles have periodic (110) step sites bound on {221}, {331} and or

{441} facets.”® The catalytic performance of Au nanoparticles also depends on the strong metal-support
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interaction where a reducible support was found to enhance the chemical activity of Au nanoparticles towards
CO oxidation even at low temperature.® The concept of active oxide-metal perimeter and its effect on the
activity of gold based catalysis has been demonstrated by several research groups and the presence of metal-
oxide interface is found to be an essential criterion for the enhanced activity. The studies focusing on the
controlled formation of Au-oxide interface has been pursued to understand the role of metal-oxide interface.
Such systems are generally called inverse catalyst systems. A schematic representation of real and inverse

catalyst system is shown in Figure 2.1.

Conventional Inverse

Figure 2.1: The schematic representation of a conventional and inverse catalyst system.

Guczi and co-workers have studied model systems like gold/iron oxide and gold/titania interface on SiO,/Si
(100).%" There are some literature reports on the study of the effect of oxide decoration on thin films. Weiss et al
created CeO,/Pt (111) interface and showed that the CeO, nanoislands have great impact on the catalytic
activity of Pt (111) surface.’® Rodriguez and co-workers have demonstrated that Au (111) when decorated with
CeOy and TiOx nanoislands showed enhanced catalytic activity for WGS reaction and the activity was found to
depend on oxide coverage.® The interaction of carbon monoxide and oxygen with inverse titania/Au (111)

model catalyst was studied and found that CO do not adsorb on neither Au nor titanium dioxide at 200 K but on
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Au-oxide interface.?’ The key role of gold-support interface in CO oxidation was clearly shown experimentally
for Au/CeO, system, by the design of a set of ceria “nanotowers” with the same surface area for Au and CeO,
but with different interfacial lengths.?* Another interesting class of “nano”gold is nanoporous Au which are
unsupported with highly interconnected gold ligaments and pores of the order of few tenths of nanometer,
typically of 30-40 nm.?? They are stable and thus are not prone to immediate deactivation. Nanoporous Au is
proved to be active for many reactions and the activity is mainly attributed to the presence of residual Ag left
behind after the dealloying process of Au-Ag alloy.?® Baumer et al recently demonstrated that the activity and
stability of gold catalyst system can be dramatically improved by reversing the classical situation in a catalytic
system, i.e. by decorating high surface area nanoporous Au with oxides like PrOy and TiO,.%* Biener et al
reported the atomic layer deposition of Al,O3 and TiO, on the inner surface of nanoporous gold which showed
enhanced stability and catalytic activity.” Even though gold shows high size dependency towards chemical
reactions, bulk gold was recently demonstrated to catalyse aerobic oxidation of alcohols,?® amines and
isocyanides®’ and aqueous phase oxidation of CO in presence of NaOH.?

Sintering, which is a major hindrance in gold based catalysts and search for stable and active catalysts
have led to the synthesis of sinter resistant gold nanoparticles. Various strategies like confinement of
nanoparticles in mesoporous materials and on oxide supports were adopted. For instance, Dai and co-workers
presented a unique deposition precipitation method for the synthesis of mesoporous silica supported gold
catalysts by using cationic gold precursors. These mesporous supports have uniform nanopores which can
confine nanoparticles and possess thick wall structures and are thermally stable. The Au supported mesoporous
silica catalyst were found to be stable at 500 °C with particle size between 3.7 and 3.9 nm.”® Another way to
prevent sintering is to encapsulate nanoparticles inside porous shells as reported by Somorjai and co-workers
etc.*® They were successful in synthesising core-shell structured Pt@mSiO, nanoparticles as high-temperature
model catalysts. The Pt@mSiO, nanoparticles maintained their core-shell configurations up to 750 °C and
exhibited high catalytic activity for ethylene hydrogenation and CO oxidation. In another report, Schuth et al

proved that the isolation of nanoparticles by hollow sphere encapsulation does indeed allow stabilization of the
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catalyst against sintering by developing high temperature (800 °C) stable Au @ ZrO, catalysts.** Several reports
suggest that encapsulating metal nanoparticles inside a porous shell can prevent the sintering and thereby the
deactivation of catalyst even after several cycles of reaction.'%*

Thus to garner insights to the reactivity of under coordinated atoms, to address size dependency,
Trisoctahedral (TOH) Au nanoparticles were synthesised with different sizes above the regime (optimum being
3-5 nm) where gold is found to be active. The role of active-metal oxide interfaces were studied by decorating

nano oxides on TOH Au nanoparticles. These decorated TOH -nano-oxide systems were also encapsulated

inside silica shell and tested for CO oxidation reaction to probe the role of confinement effects.
2.2. Experimental Section

2.2.1. Reagents

HAuUCI4.3H,0 (99.9%), (Sigma Aldrich), Cetyltrimethylammonium bromide, CTAB (98%), Ascorbic Acid, AA
(99%) (Spectrochem), Ethanol, Titanium Isopropoxide (Merck), Cetyl trimethylammonium chloride, CTAC
(96%) (Alfa Aesar), H,SO4 (Merck), Anatase TiO, and DarcoG60, (Sigma Aldrich) were purchased and used as
received. Ultrapure Millipore water was used in all experiments.

2.2.2. Synthesis of trisoctahedral (TOH) gold NCs

The synthesis of trisoctahedral nanoparticles of size 45 nm, 70 nm, 110 nm were carried out using a modified
seed mediated procedure reported in literature.’® In a typical synthesis, 20 mM 46 uL HAuCl, solution was
added to 75 mM 7 mL CTAB solution. Then 420 pL of ice cold 0.01 M NaBH, was injected rapidly into the
mixture under vigorous stirring resulting in a brown solution. Stirring continued to remove excess NaBH,. To a
solution of 125 pL HAuUCIl; (20 mM) mixed with 9 mL of CTAC (22 mM) was added 3 mL of 38.8 mM
ascorbic acid and 50 pL of diluted (100 fold) seed solution and mixed thoroughly producing 45 nm TOH gold
NCS. To prepare 70 nm TOH gold particles, 6 mL of as prepared 45 nm TOH gold colloid was added as seed to
9 mL of CTAC (22 mM) followed by the addition of 3 mL of AA (38.8 mM) and 125 pL of 20 mM HAuUCI,

solution. To prepare 110 nm TOH gold particles, 2 mL of the as prepared 45 nm TOH gold NCS were added as
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seed to 9 mL of 22 mM CTAC followed by the addition of 3 mL of AA and 125 pL of 20 mM HAuUCI, solution.
The as synthesized TOH gold NCS were supported on SBA-15 and TiO, by the following procedure. Typically,
12.5 mL of 45 nm TOH gold colloidal solution was added to 50 mg of SBA-15 and acidified by sulphuric acid
(pH maintained at 1) to obtain 1 wt% of the catalyst. The slurry was stirred for 2 h after which it was filtered,
washed (till mother liquor becomes neutral), dried at 120 °C for 4 h followed by calcination at 300 °C for 3 h.
The H, treatment was done at 400 °C for 1 h at flow rate of 12 ml/min with ramping rate of 2 °C/min. To
obtain supported TOH (110 nm) catalyst 14 mL of the sol was added to the 50 mg of the SBA-15. By this way
the metal loading was kept at 1 wt%. The same procedure was used for supporting TOH Au on TiO..

2.2.3. Synthesis of nanorods, nanotriangles and nanocubes

Seed synthesis

About 0.6 mL of NaBH, was added to a mixture of 0.25 mL of 0.01 M HAuCl, and 7.5 mL CTAB in a 200 mL
standard flask and mixed by rapid inversion for two minutes. The resultant seed solution was kept for one hour.
Synthesis of nanoparticles of nanorods, nanotriangles and nanocubes

About 12.8 mL of 0.1 M CTAB, 1.6 mL of 0.01 M HAuCl, and 7.6 mL of 0.1 M ascorbic acid were added
sequentially into 64 mL deionised water in a 200 mL flask. About 40 uL of the seed solution was mixed by
gentle inversion for 10 seconds and kept overnight. The solution centrifuged at 10,000 rpm for 10 minutes and
was used for TEM analysis and for supporting with titania. The gold nanoparticles of different shapes were
supported on titania following the same procedure used for supporting trisoctahedral nanoparticles.

2.2.4. Synthesis of Inverse catalyst

Trisoctahedral (TOH) Au nanoparticles were synthesised as discussed above. To the colloidal solution required
amount of titanium isopropoxide (to obtain 4 to 10 wt% with respect to gold) dissolved in ethanol was added
and stirred magnetically for 30 minutes followed by the addition of support (SBA-15 or titania). In a typical
synthesis of 5 wt% titania doped inverse catalyst, 0.63 pL of titanium isopropoxide was dissolved in 3 mL of
ethanol and then added to 18 mL of TOH Au colloidal solution which was then stirred for 30 minutes followed

by the addition of 72 mg of SBA-15. The solution was acidified to a pH of ~ 1-2. After 2 h of stirring, the slurry
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was washed with water till the mother liquor becomes neutral. The slurry was then centrifuged and dried at 80
°C till water is evaporated and calcined at 600 °C for 5 h. The above procedure resulted in 5 wt% titania doped
TOH Au/SBA-15 (1 wt%). To obtain titania doped TOH Au/TiO; instead of SBA-15, titania was added in the
synthesis stage. The titania doped TOH Au nanoparticles supported on SBA-15 and titania catalysts were
named as ATS and ATT respectively These catalysts were pre-treated under mild conditions in H, atmosphere
at 400 °C for 1 h prior to the CO oxidation reaction.

2.2.5. Synthesis of silica encapsulated TOH gold nanoparticle, TOH Au@ SiO,

The TOH Au colloid was encapsulated with silica by following the route of Graf et al and Schuth et al.**
Briefly, synthesised TOH gold colloid was centrifuged and the supernatant was removed. The volume of the
concentrated colloid was then adjusted to 6 mL by dilution with water. The colloid was vigorously stirred for 5
min, followed by the addition of 500 puL of ammonia premixed with 10 mL ethanol. Immediately afterwards, a
solution of 700 pL Tetraethyl orthosilicate (TEOS) in 8 mL of ethanol was added. The reaction mixture was
stirred for 12 h at room temperature. The resultant colloid was centrifuged (10000 rpm; 10 min) and washed
twice with water and twice with absolute ethanol to remove the excess of capping agents. The catalyst
Au@SiO, (AS) was obtained and calcined at 500 °C for 5 h and reduced in H, atmosphere at 400 °C for 1 h.
2.2.6. Synthesis of TOH gold nanoparticle decorated with ceria and encapsulated in silica spheres,
Au/Ce0,@SiO;

The TOH colloid was made in 5 batches containing 3.6 mg of Au and the synthesised TOH gold colloid was
centrifuged and the supernatant was removed and washed thoroughly with ethanol to remove excess surfactants.
The volume of the concentrated colloid was then adjusted to 6 mL by dilution with water. The colloid was
vigorously stirred for 5 min, 55 pL of aqueous solution of 20 mM Ce(NO3); was added to the Au sols at 60 °C
and stirred for 4 h so as to obtain ceria decoration. After this, the colloid was centrifuged and the volume of the
concentrated colloid was then adjusted to 6 mL by dilution with water. Further, silica encapsulation was done
by the above procedure. Washed, dried catalyst, TOH gold decorated with ceria encapsulated in silica,

Au/Ce0,@SiO, was calcined at 500 °C for 5 h and reduced in H, atmosphere at 400 °C for 1 h.
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2.2.7. Synthesis of TOH gold nanoparticle decorated with titania and encapsulated in silica spheres,
AU/TIO@SIO;

The TOH colloid was made in 5 batches containing 3.6 mg of Au and the synthesised TOH gold colloid was
centrifuged and the supernatant was removed. The volume of the concentrated colloid was then adjusted to 6
mL by dilution with water. The colloid was vigorously stirred for 5 min, and 675 pL Titanium isopropoxide
solution in 2 mL of ethanol was added to Au sols at room temperature and stirred for 4 h so as to obtain TiO,
decorated samples. After this, the colloid was centrifuged and the volume of the concentrated colloid was then
adjusted to 6 mL by dilution with water. Further, silica encapsulation was done by the above procedure.
Washed, dried catalyst, TOH gold decorated with ceria encapsulated in silica, Au/TiO,@SiO, was calcined at
500 °C for 5 h and reduced in H, atmosphere at 400 °C for 1 h. The loading of oxide was controlled to 1, 3, 5, 7

wt% by varying the amount of precursors in the solution.
2.3. Characterization techniques

X-ray Diffraction Analysis: Powder X-ray diffraction (XRD) was measured on a PANalytical X’pert Pro dual
goniometer diffractometer working under 40 keV and 30 mA. The Cu Ka (1.5418 A) radiation was used with a
Ni filter.

UV-Visible Spectroscopy: UV/Vis spectra were acquired by using a Varian Cary 50 Conc UV/Vis
spectrophotometer with a dual beam source.

Transmission Electron Microscopy (TEM): TEM images were recorded by FEI Tecnai TF-30 and TF-20
electron microscope, operating at 300 keV and 200 keV.

The Inductively coupled Plasma analysis was done using Spectro Arcos ICP-OES.

FTIR spectroscopy analysis of the pelletized samples was performed with a Bruker Tensor 27 FTIR
spectrophotometer with a DTGS detector at room temperatures by using KBr as an internal standard

Nitrogen adsorption/desorption isotherms were collected by using Autosorb 1C Quantachrome, USA. The

program consisted of both adsorption and desorption branches and typically ran at 196 °C after samples were
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degassed at 250 °C for 3 h. The specific surface area was calculated by the BET model at a relative pressure of
P/Po = 0.06-0.3. The total pore volume was estimated from the uptake of the adsorbate at a relative pressure of

P/Py=10.99.
2.4. Catalyst Testing: CO oxidation

The catalytic activity of TOH NCS for CO oxidation was measured in a fixed bed reactor under atmospheric
pressure using 100 mg catalyst. The total flow rate was 50 ml/min with a ratio of (1:5:19 CO:0,:N,) with a
temperature range of 300 K to 573 K. The calculated GHSV was 30000 cm*/gc./h. The reactor was placed in a
tubular furnace and temperature of the furnace controlled by Radix6400 temperature controller. The catalyst
bed temperature was measured by a K-type thermocouple. The effluent gases were analysed online by gas
chromatograph equipped with online gas sampling valve and a TCD detector. The activity was examined by

looking at the CO conversion.

2.5. Results and Discussions

2.5.1. Trisoctahedral Au nanoparticles

a. Transmission Electron Microscopy

EES "{‘s.i';

i

Figure 2.2: TEM image of trisoctahedral (TOH) gold nanoparticles of different sizes a) ~ 45 nm b) ~ 70 nm and

c) ~ 110 nm.
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The synthesis of trisoctahedral nanoparticles of size 45 nm, 70 nm and 110 nm were carried using a Seed
mediated procedure reported in literature.®* Figure 2.2 shows the TEM image trisoctahedral particles of

different sizes obtained during the synthesis. The histogram showed that the particles falls in a narrow size

distribution (see Figure 2.3).
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Figure 2.3: The histograms showing the particle size distribution of the as synthesised TOH nanopartilces a) 45
nm b) 70 nm and c) 110 nm.
The morphology of the particles obtained during our synthesis clearly showed the reproducibility of the
procedure which was adopted from the literature and also the availability of the defect structure on the particle

as shown in Figure 2.4. The line profile analysis shown in Figure 2.4b gave a d spacing of 0.48 nm which

corresponds to 3 atom wide terrace.
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Figure 2.4: a) TEM image of a) single TOH Au b) HRTEM image showing the step terrace geometry along the

edge of titania decorated sample, the line profile on the surface of TOH Au nanoparticle with a distance of 0.48
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nm which corresponds to the distance between 3 atom wide terrace c) atomic model of {221} and {331} high

index facets.

b. X-ray diffraction
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Figure 2.5: XRD pattern of as synthesised TOH nanoparticles showing the reflections of fcc Au crystal lattice.
Figure 2.5 shows the XRD reflections from pristine TOH Au nanoparticles of different sizes. The characteristic
reflections from Au {111}, {200}, {311} and {220} planes were observed. The crystallite size calculated by
Debye Scherrer formula gave an average values of 42 nm for TOH (45 nm), 62 nm for TOH (70 nm). The sizes

for TOH 110 nm are not reported here as the XRD peaks were very sharp and were not used for particle size

calculation.

c. UV-Visible Spectroscopy

The UV-Vis spectrum obtained during the synthesis of trisoctahedral particles showed strong surface plasmon
bands at 552 nm (45 nm), 570 nm (70 nm) and 590 nm (110 nm) respectively as shown in Figure 2.6. It is clear

that an increase in the nanoparticle size results in a red shift in the plasmon peak.
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Figure 2.6: The UV-Vis spectrum obtained during synthesis of 45 nm, 70 nm and 110 nm TOH nanoparticles.
2.5.2. Supported TOH Au nanoparticles: Real and Inverse systems

a. Transmission Electron Microscopy

a) b)

100 nm 100 nm

Figure 2.7: The TEM images of a) TOH (110 nm)/TiO, and the b) inverse ATT-5 wt% (70 nm) after calcination

and reduction step which shows that the particle morphology is retained.

46




For catalytic applications, these nanoparticles were supported on different oxides like TiO, and SBA-15 and
tested for CO oxidation reaction. The TEM image in Figure 2.7 shows that the particle morphology was more or
less retained after supporting. Furthermore, to probe the role of interfaces, inverse catalyst (i.e. titania decorated
on TOH Au nanocrystals) were synthesized. The titania doping was varied from 4-10 wt% with respect to gold.
These titania doped gold nanoparticles were then supported on TiO, (see Figure 2.7b) and SBA-15 and

thoroughly characterized.

a)

100 nm

Figure 2.8: a) The TEM image of ATS (45 nm) 5 wt% catalyst after calcination at 600 °C, b) and ¢) TEM image
of a single TOH Au after treatment with H, showing the retention of morphology and d) HRTEM image of a
single Au nanocrystal decorated with TiO, showing the presence of anatase TiO; lattice.

The TEM image shown in Figure 2.8 represents ATS (45 nm) 5 wt% where TOH gold is decorated with titania
and supported on SBA-15 and calcined at 600 °C. The HRTEM image shown in Figure 2.8d gave evidence for
interface formed by TiOy with TOH gold. The d spacing of this titania layer was found to be 0.35 nm which

corresponds to the (101) plane of anatase phase (JCPDS-21-1272).
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b. X-ray diffraction

In Figure 2.9a the XRD reflections from anatase supported TOH Au is shown. The reflection from anatase TiO,
and the inset shows the reflection from Au. The diffractions were very weak and this can be attributed to the
lesser loading in the catalyst. The XRD pattern collected from inverse ATS (45 nm) 5 wt% catalyst also showed

the presence of anatase phase along with the reflections of TOH Au as shown in Figure 2.9b.
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Figure 2.9: XRD pattern of a) TOH nanoparticles supported on anatase TiO; and the inset shows the reflection

of Au marked by arrows and b) AST (45 nm) 5 wt% (inverse system) which clearly shows the presence of
anatase phase along with the reflections of TOH Awu.

2.5.3. Encapsulated system

a. Transmission Electron Microscopy

A trisoctahedral Au nanoparticle can be viewed as an octahedron whose each facet is capped by a triangular
pyramid.'® These nanoparticles were decorated with TiO, or CeO, and were then encapsulated in silica to
prevent particle mobility. In Figure 2.10a the representative TEM image of TiO, decorated and silica
encapsulated TOH Au catalyst is shown. The magnified image in Figure 2.10b shows a TOH Au core and a
silica shell with thickness of around 180 nm. This gives a clear indication that the trisoctahedral morphology is

retained even after silica encapsulation followed by calcination reduction steps involved in catalyst synthesis.
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The HRTEM image of the titania and ceria decorated TOH Au nanoparticle is shown in Figure 2.10c and 2.10d.
The image clearly showed that the active metal-oxide is formed between Au and nano oxide. In Figure 2.10c
and 2.10d the lattice fringes of titania and ceria with d spacing of 0.35 nm {JCPDS 86-1157} and 0.31 nm
{JCPDS 81-0792} respectively is shown. The close proximity of TOH Au nanoparticles with titania and ceria

creating a strong interface is also visible from the TEM image.

CeO, (111)
0.31 nm

Figure 2.10: The TEM of a) low and b) high magnification images of TiO,-Au@SiO catalyst ¢) and d) high

resolution images of TOH Au decorated with TiO, and CeQO; respectively.
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b. X-ray diffraction
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Figure 2.11: The XRD reflections for CeO,-Au@SiO; and TiO,-Au@SiO, catalysts. The inset image shows the
reflection from ceria and titania respectively.

Figure 2.11 shows the XRD analysis of the catalysts CeO,-Au@SiO, and TiO,-Au@SiO, and gave typical
reflections of the components of the catalysts. The XRD showed the diffraction of Au fcc crystal lattice and the
inset in Figure 2.11a showed the reflections from CeO, {111} plane and in Figure 2.11b shows the peak from
TiO, {101} facet. On increasing the loading the intensity from the reflection of the oxide was found to increase

as seen from Figure 2.12.
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Figure 2.12: The XRD reflections of TOH Au decorated with ceria and titania of a) 1 wt% b) 3 wt% c) 5 wt% d)
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7 wt% encapsulated in silica catalyst, the loading of Au is ~ 2 wt%. The inset shows the zoomed in reflections
from ceria and titania.

c. UV-Visible spectroscopy
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Figure 2.13: The solid state UV-Visible spectrum of CeO,-Au@SiO, and TiO,-Au@SiO, and SPR absorbance
of pristine TOH (~ 70 nm) is also shown.

The solid state UV-Visible spectrum shown in Figure 2.13 revealed that the as synthesized colloidal TOH Au (~
70 nm) nanoparticles have a strong surface plasmon resonance at 550 nm. The position of this band is sensitive
to the size, shape and the electronic and optical properties of the surrounding medium. The silica encapsulated
and oxide decorated catalyst CeO,-Au@SiO, and TiO,-Au@SiO, showed a blue shift in their surface plasmon
resonance band relative to pristine TOH Au nanoparticles. When the silica shell thickness is very large (~ 180
nm) as in our case, scattering phenomena become significant and results in a strong absorbance at shorter
wavelength.®® This effect promotes a blue shift in SPR band. The UV-Vis spectrum shown here is another
strong indication that the Au nanoparticles are encapsulated inside silica shell. The UV -visible spectrum of
TiO, -Au@SiO; shows an absorbance between 300 and 400 nm which can be assigned to the absorbance of
titania species.®
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d. Surface area analysis
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Figure 2.14: The surface area plot for CeO,-Au@SiO; and TiO,-Au@SiO; catalysts.

The textural and compositional properties of the catalysts were characterised using N, adsorption desorption
analysis and by ICP analysis. The results are summarized in Table 2 1. The catalysts CeO,-Au@SiO, and TiO,-
Au@SiO, catalysts were found to show a surface area of 315 m?/g and 291 m?/g respectively with a pore size of
approximately 2.6 nm (See Figure 2.14 for Isotherm). Thus, the mesoporous nature of the support was
confirmed by surface area analysis. The porous nature of silica facilitates easy diffusion of reactants towards the
Au core. The amount of ceria and titania with respect to gold was ~ 5 wt% with a Au loading of approximately

2 wt% in both the catalyst as given by ICP analysis 2 wt% in both the catalyst as given by ICP analysis.

No Catalyst Surface Area | Mean Pore Average ICP Analysis
= q Au (wt%) CeO,or
(m?¥/g) Volume pore size " 5
Ce020r 1 10, to Au
(cc/g) (nm) TiO, (wt %) ratio
1 CeO,-Au@Sio, 315 0.24 2.6 1.8 0.1 0.051
2 TiO,-Au@SiO, 291 0.19 2.6 1.7 0.11 0.045

Table 2.1: The table shows surface area/ pore size/ pore volume and ICP analysis value for CeO,-Au@SiO, and
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TiO,-Au@SiO; catalysts.

e. Infrared spectroscopy

a)
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Figure 2.15: IR spectrum of CeO,-Au@SiO; and TiO,-Au@SiO; catalysts with SiO; as reference.

The catalysts were further characterized by Diffused Reflectance Infra Red (DRIFTS) spectroscopy (See Figure
2.15). The features of silica is characterised by peaks at 460 cm™, 800 cm™ 960 cm™ and 1105 cm™
corresponding to Si-O bending, Si-O-Si symmetric stretching, Si-OH stretching and Si-O-Si asymmetric
stretching.®” A shoulder at 500-700 cm™ corresponds to Ce-O and Ti-O bond vibrational frequency.®**° These
signatures were very feeble due to the lower loading in the catalyst. The presence of water can be confirmed
from peak at 1600-1630 cm™. The broad peak above 3000 cm™ corresponds to stretching frequency of hydroxyl

group.®
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Nanoparticles with other shapes: triangles, rods and cubes

£0.89nm
1. -
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Figure 2.16: TEM image of Au nanocrystals of different morphology used in control experiment.

To probe the structure sensitivity, nanoparticles which expose low index surfaces were synthesized and then
TEM image in Figure 2.16 shows the nanoparticles with different shapes. These nanoparticles were found to
expose {100} in case of cubes, {111} in case of triangles and {110} in case of rods. The activity was compared
with nanoparticles of similar size.

2.5.4. Catalytic activity: CO oxidation

2.5.4.1. CO oxidation from conventional catalyst.

To probe the role of under coordinated atoms in gold catalysis, CO oxidation was carried out on both 45 nm and
110 nm TOH nanoparticles supported on TiO, and was found to be moderately active showing conversions
around 11% and 24% respectively at 300 °C. The calcined catalysts were subjected to a mild reduction in H,
atmosphere, which has been shown to dramatically improve the performance of the gold based catalyst.**** The

reduced catalysts were subjected to CO oxidation and the steady state conversion of CO for the two catalysts at
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various temperatures after a mild reduction in hydrogen is shown in Figure 2.17. The catalysts were found to be
active for CO oxidation with conversion reaching 100% at approximately 250 °C. The temperature required for
50% of the CO conversion (Tsg) was 200 °C for 45 nm particle compared to 230 °C for a 110 nm particle. The
shift in the Tso temperature is a manifestation of significant density of active sites in a 45 nm 1 wt% catalyst
compared to 110 nm 1 wt% catalyst.* The catalysts after cooling down to room temperature were then tested
for CO oxidation without any pre-treatment. The activity data shown in open circles is remarkable as the
catalyst retains up to 80% conversion at 300 °C. The marginal drop in activity could be possibly because of the
blocking of the active sites by bicarbonates during the course of the reaction. To confirm that the activity
reported here are inherent to the supported gold nanoparticles and not related to the support alone, the catalytic
activity were also tested for calcined and reduced TiO, which did not show any CO conversion. Furthermore to
this, the CO oxidation activity for nanocrystals containing mixture of different shapes (like cube, triangle and
rod) synthesized by modified Murphy’s procedure were tested.*® These were carried out as a control experiment
to investigate the reactivity of low index {100} and {111} planes present on these nanoparticles.”* The TEM
revealed that the nanocubes were of approximately 50 nm, nanotriangle of approx 60 nm and nanorods of 130
nm. The catalytic activity from mixture of these nanoparticles supported on TiO; (1 wt%, after the calcination-
reduction step) showed absolutely no activity confirming that the low index planes present on the nanoparticle
surface are indeed not active for the reaction. It should be noted that the performance of trisoctahedral gold
nanoparticle supported on TiO, cannot be compared to the classic Haruta type (less than 5 nm) catalyst
supported on TiO, which is active at low temperatures for CO oxidation.>® Instead they are comparable to a 50
nm Au nanorice particle with exposed (611) facets supported on ZnO which showed 100% conversion at 280
°C.* Clearly, the CO conversion achieved by TOH particles of 110 nm which is more than twice the size of the
nanorice and 45 nm TOH particles is very interesting. The full conversion achieved by 45 nm trisoctahedral
particle at relatively lower temperature also points to the larger defect density and in turn to the difference in
geometry of the defect centres in TOH and nanorice gold. It should be recalled that TOH gold has step sites

mostly produced by three or four atom wide terrace as compared to six atom wide terrace-step geometry on
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nanorice gold. To test the role of the support in CO oxidation was also performed on trisoctahedral gold

nanoparticles supported on SBA-15. In this case no CO conversion was observed even up to 300 °C.
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Figure 2.17: The conversion plot for CO oxidation under steady state conditions for a 45 nm and 110 nm
trisoctahedral gold nanoparticle supported on TiO, after a mild reduction in H,.The open circle shows the
activity of the catalyst during the second cycle. The steady state conversion for a mixture of nanocubes,
nanotriangles and nanorods are also plotted.

Previous literature reports suggests that small nanoparticles of approximately 5 nm or less than that supported
on SBA-15 are active for CO oxidation.”® The complete inactivity of TOH supported on SBA-15 also rules out
the possibility of smaller particles present in our colloidal system. It is well known that the activation of CO
occurs on the metal nanoparticle surface most likely on the defect sites like corner and edge atoms and the O,
gets activated at the perimeter interface of the metal-oxide support.” This provides support to the mechanism of
CO oxidation based on an active perimeter interface produced by a reducible support like TiO, and
trisoctahedral gold nanoparticle being responsible for activating O, molecules and subsequent reaction. Even

though SBA-15 act as a decent support for Au NPs at the size regime 3-5 nm, the conversion is zero when our
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large Au NCs were supported on the same. The analysis of this spent catalyst clearly showed that the particle
morphology is completely lost during the calcinations and reduction step or during the reaction and only large
spherical particles could be observed in the TEM which could possibly be the reason for the poor activity of this
catalyst. The spent catalyst analysis (discussed in section 2.5.6) by TEM also showed smooth facets compared
to the original trisoctahedral particles throwing insights into the inactivity.

2.5.4.2. CO oxidation from inverse catalyst system

To probe the role of interfaces, inverse catalyst (i.e. titania decorated on TOH Au nanocrystals) were
synthesised, supported and then tested for CO oxidation. The conversion plot for 5 wt% of TiO, decorated TOH
nanoparticles supported on TiO;, and SiO, is shown in Figure 2.18. The CO oxidation activity of titania and
SBA-15 supported titania doped catalyst ATS-5 wt% (45 nm and 70 nm) and ATT-5 wt% (45 nm and 70 nm)
(where 5 wt% is the amount of titania doped on Au) reduced at 400 °C is shown in Figure 2.18. The onset
temperature for the above mentioned inverse catalysts was shifted significantly to lower temperature when
compared to normal TOH nanoparticles supported on TiO,. It is remarkable to note that all the catalyst showed
around 100% conversion at around 230 °C. The onset temperature for titania decorated and silica supported
ATS (45 nm and 70 nm)-5 wt% was 100 °C and Tso was 180 °C and 190 °C. These results are interesting in the
context that the TOH Au nanocrystals supported on SBA-15 showed no activity till 300 °C (also shown in
Figure 2.18.). These experiments clearly demonstrate that the inverse model catalyst where co-ordinatively
unsaturated metal sites when in intimate contact with an active metal oxide support can facilitate CO oxidation
validating the active metal-oxide perimeter model. To investigate the dependence of morphology, TEM nalysis
was carried out on the spent ATS catalyst and surprisingly the shape of the ATS catalysts were found to be
retained after decorating with titania (Figure 2.27). This is in line with the experiments carried out on
nanoporous gold where titania decorated inverse catalyst was shown to preserve the atomic structure of the
ligaments due to pinning effects up to fairly large temperatures.”* The ATT catalysts (45 nm and 70 nm) were
found to be more active and gave a conversion of 95% and 97%, respectively, at around 190 °C. The onset

temperatures for the reaction were 90 °C for ATT (70 nm) and 100 °C for ATT (45 nm) and the Ts, values were
57




140 °C and 150 °C, respectively for ATT (70 nm) and ATT (45 nm) which were lower than the SBA supported

catalyst. This document well with the literature that a reducible support like TiO, outperforms silica supported

gold systems for CO oxidation.” Inorder to find the optimum amount of titania doping, TOH Au nanoparticles

were decorated with different amount of titania. The titania doping was varied from 4 to 7 wt% with respect to

gold. These titania doped gold nanoparticles were then supported on TiO, and SBA-15 and tested for CO

oxidation. The titania loading on inverse model catalyst were 4, 5, 6 and 7 wt% and found that the optimum was

found to be 5 wt% of titania on TOH Au nanoparticles as shown in Figure 2.19.
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Figure 2.18: The conversion plot for CO oxidation for the inverse systems ATS-5 wt% and ATT-5 wt%. The

reactivity of TOH Au/SBA-15 is also shown for comparison.
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Figure 2.19: The plot showing the dependence of maximum conversion and onset temperature on the oxide
loading for a) ATT and b) ATS catalysts.

Unfortunately, both the titania supported inverse TOH catalysts deactivated rapidly after reaching full
conversion at approximately 200 °C. A preliminary investigation using FTIR on the origin for this deactivation
gave evidence for the presence of bicarbonate on the inverse model catalyst supported on titania (See Figure
2.20). plot shows the FTIR spectra immediately recorded after the CO oxidation reaction on ATT 5 wt%
(denoted as ATT 58S for spent catalyst) showed characteristic vibrational feature at 1290 cm™* which is assigned
to OH deformation of a bicarbonate species. Scurrell and co-workers have identified bicarbonate species as a
route cause for deactivation for gold supported on titanates.*® According to this literature, accumulation of
bicarbonate which is generated from CO, formed during the reaction blocks the active site leading to rapid
catalyst deactivation. The absence of this feature on the fresh catalyst (ATT 5 wt%) clearly showed that these
are generated during the course of the reaction. They also proposed the beneficial role of water vapour which is
to aid decomposition of bicarbonates which otherwise blocks the active sites. These features were
conspicuously absent on titania decorated TOH supported on SBA-15 which were found not to deactivate in our
experiments. The IR absorption frequency at 1730 cmcan be assigned to the bridging bonding configuration of

the surface carbonates.*’
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Figure 2.20: FT-IR spectrum of as synthesised ATS 5 wt% and spent ATS 5S (70 nm) and ATT 5 wt% and

spent ATT 5S (70 nm) and after CO oxidation reaction ATT 5S shows the presence of bicarbonates at 1290

1

cm .

Figure 2.21: IR spectrum of TOH Au (45 nm)/TiO; after CO oxidation reaction. The peaks at 1290 cm™ and

[— V o Aty ey
TOH Au(45nm)/TiO, spent
Q E
c = %
ol < =
= . S
B ~
w L
=
©
T
] E/
L] | Ll I I I
500 1000 1500 2000 2500 3000 3500

Wavenumber(cm'1)

4000

60




1730 cm™ show the presence of bicarbonates and bridging carbonyls in the catalyst.

The A small decrease in activity in the second cycle for CO oxidation for the normal TOH supported TiO, (in
Figure 2.18) could also be because of the accumulation of bicarbonates as their presence was detected in the
spent catalyst which is shown in Figure 2.21.

2.5.4.3. CO oxidation from encapsulated system

The CO oxidation was carried out on the catalysts with 1, 3, 5, and 7 wt% oxide loading. Here also, the
optimum loading was found to be 5 wt % with respect to gold. The catalyst CeO,-Au@SiO;, and TiO,-
Au@SiO, with ~ 1.8 wt% Au loading and decorated with oxide nanoparticle (5 wt% with respect to Au) were
room temperature active towards CO oxidation reaction in spite of the size of Au nanoparticle (~ 70 nm) being
well above the optimum size regime. The activity was found to decline with increase in loading of nano oxide
(see Figure 2.22). The optimum loading was found to be 5 wt% with respect to gold and only those catalysts are
compared and discussed in the following section. The lower activity of 1 and 3 wt% can be assumed due to the

lower number of active metal-oxide interfaces and that of 7 wt% to the blocking of active sites by these oxides.
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Figure 2.22: Temperature of 50% CO conversion versus TiO,/CeO, content for different catalysts.
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In Figure 2.23 the CO oxidation profile for CeO,-Au@SiO, and TiO,-Au@SiO; for the first two runs and the
activity was compared with that of TOH Au@SiO, and TOH Au supported on SBA-15 catalysts. During the
first cycle, both the catalyst showed a light off temperature at 120 °C with a Tsg value of around 160 °C. After
the first cycle, the catalyst was cooled down to room temperature and during the second cycle, there was a
drastic shift in the light off to room temperature with TiO,-Au@SiO; showing a conversion of 3% and CeO,-
Au@SiO;, of 5% respectively. The Tso value was also shifted to 90 °C and 120 °C for TiO,-Au@SiO, and
CeO,-Au@SiO, respectively. The catalyst showed full CO conversion with TiO,-Au@SiO, showing a slight
edge in conversion rate with 100% conversion at 160 °C compared to CeO,-Au@SiO, which showed full
conversion at 250 °C. The activity was also compared with TOH Au@SiO, catalyst which showed a maximum

CO conversion of 80% at 300 °C.
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Figure 2.23: The CO oxidation activity profile for CeO,-Au@SiO; and TiO,-Au@SiO, catalyst. The

performance of TOH Au @ SiO, and TOH Au supported on SBA-15 is also shown.
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This clearly depicts that an active metal-oxide interface in contact with under co-ordinated Au atoms can
enhance the catalytic activity even though the size of the nanoparticle is above the optimum. As a control
experiment TOH Au (~ 70 nm) nanoparticles were also supported on SBA-15 and tested for CO oxidation. The
catalyst was not active for CO oxidation even up to 300 °C, demonstrating here how the absence of an active
oxide-metal perimeter can inhibit CO oxidation catalysis by gold nanoparticles. A previous study also showed
that the morphology of TOH nanoparticles (~ 45 nm) was lost on SBA-15 support. This study shows that the
retention of morphology thereby preserving the step atoms (active sites) is an essential criterion for these large
Au nanoparticles to show the activity. Here using the encapsulation strategy, complete preservation of the shape
of the Au nanoparticles which exposes the high index facets carrying periodic defective centers is achieved. The
high temperature pre treatments did not change the structure of the encapsulated catalyst. The catalysts achieved
100% conversion and were resistant to deactivation. Concerning the mechanism of CO oxidation, CO interacts
with Au surface mainly on under coordinated atoms and oxygen activation is proposed to occur on the oxygen
vacancy of the support at the metal-oxide interface. The role of contact between metal and oxide support was
elucidated by using a physical mixture of Au colloid (~ 5 nm) and Degussa P25 by Haruta and co workers.*®
The authors proved that the physical mixture calcined at 600 °C with Au particle of size ~ 12 nm were found to
show a similar activity for CO oxidation as that of Au(~ 6 nm)/TiO, synthesized by deposition precipitation
method. The role of incorporating oxides into Au/SiO, matrix has been extensively explored.**® The active
perimeter, which the TOH Au that exposes {110} step atoms make with the reducible oxide (TiO, or CeQy)
makes the CO oxidation facile on such structured large Au nanoparticles at room temperature. The step atoms
may probably act as the active centers for CO adsorption and the oxygen dissociation occurs at active metal-
oxide interface or on oxygen vacancies on silica and when this happens within the close proximity of CO
adsorption site, it combines with dissociated oxygen forming CO, as proved in the literature.>**>

2.5.4.4. Comparison between CO oxidation activity of conventional, inverse and encapsulated systems
The CO oxidation profile of titania decorated encapsulated system TiO,-Au@SiO; (as it showed a relatively

better activity as compared to ceria decorated one) was also compared to those supported real and inverse
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system which was discussed before in section 2.5.4.1 and 2.5.4.2. The comparison clearly showed that the
encapsulation strategy adopted shifted the reaction regime to a lower temperature. Figure 2.24 shows the CO
oxidation profile for TiO,-Au@SiO,, TiO, decorated TOH Au supported on silica, (ATS ~ 70 nm 5 wt%) and
TiO, decorated TOH Au supported on titania (ATT ~ 70 nm 5 wt%), and trisoctahedral Au (~ 70 nm)
nanoparticles supported on TiO,. Here, 5 wt% denote the oxide loading in the catalysts. It can be clearly noticed
that the TiO,-Au@SiO, with a TOH Au nanoparticles of size ~ 70 nm showed appreciable activity (3%) at
room temperature with a Tso value of 94 °C and a full conversion at 160 °C. The conventional TOH Au (~ 70
nm) /TiO, supported catalysts were found to show an onset at around 150 °C and temperature of full conversion
at 270 °C. The activity profile of TiO, decorated inverse systems supported on silica and titania (ATS and ATT)
with Au loading of ~ 1 wt% were found to shift to lower temperature regime as compared with conventional

supported system.
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Figure 2.24: The CO oxidation activity for TiO,-Au@SiO, inverse systems ATS-5 wt% and ATT-5 wt% and

conventional TOH Au (~ 70 nm) supported on TiO,,
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The T onset, T 50 and Tago value of the other catalyst are compiled in Table 2.2. It was also observed that the
titania decorated TOH Au supported on titania (ATT- 5 wt%) system was found to deactivate. The preliminary
reason for the same can be attributed to the presence of bicarbonates which was discussed in our previous
section. The low temperature CO oxidation activity by the encapsulated large trisoctahedral inverse Au catalysts
clearly shows that the encapsulation strategy can preserve the active sites by retaining the morphology. This
also proves that surface sites with under co-ordination when in close proximity with suitable oxides can impart

reactivity even in the size regimes where gold is not shown to be active for CO oxidation previously.

‘o - i
NO. (/‘] t(] l} St Tﬂ'llSl‘t Tsﬂ T 100

(3% CO conversion)

1 TOH(~ 70 nm)/TiO, 140 212 270
2 ATS(~ 70 nm) 5 wt% 120 190 225
3 ATT(~ 70 nm) 5 wt% 90 145 190
4 TiO,-Au@SiO, 40 94 160

Table 2.2: The table showing Tonset, Tsoand Tigo for different catalyst systems.

2.5.5. Catalyst stability and time on stream

The stability of the catalyst on stream was tested. The catalyst TiO,-Au@SiO, showed 100% conversion till 300
°C and gave a similar conversion trend up to 4 h at 160 °C compared to ATS (~ 70 nm) 5 wt% which showed a
decrease in conversion to 80% after 4 h of time on stream at 220 °C as indicated by Figure 2.25. This again

proves the stability of encapsulated system when compared to supported ones.
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Figure 2.25: Time on stream experiments on TiO,-Au@SiO, done at 160 °C and ATS (~ 70 nm) 5 wt% at 220
°C towards CO oxidation reaction.

2.5.6. Spent catalyst analysis

a) b)

Figure 2.26: TEM image of the spent catalyst a) TOH (45 nm)/TiO,, b) TOH (110 nm)/TiO, respectively after

two cycles of CO oxidation which shows that the particle morphology is intact even after the reaction.
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Since the trisoctahedral nanoparticles retained its catalytic activity for two cycles of CO oxidation
reaction, TEM analysis was carried out to find out the morphology of the particles of these spent catalysts. The
microscopy images clearly showed the 110 nm catalyst after two cycles of CO oxidation to show more or less
the original morphology as shown in Figure 2.26. The analysis of TOH Au on SBA-15 spent catalyst clearly
showed that the particle morphology was completely lost during the calcinations and reduction step or during
the reaction and only large spherical particles in the TEM were observed which could possibly be the reason for
the poor activity of this catalyst (Figure. 2.27). The inset of the Figure 2.27a also shows a high resolution TEM
image of one of the particles which clearly showed smoother facets compared to the original trisoctahedral
particles. To investigate the dependence of morphology, TEM analysis on the spent ATS catalyst was done and
the shape of the ATS catalysts was found to be retained after decorating with titania (Figure 2.27b). This is in
line with the experiments carried out on nanoporous gold where titania decorated inverse catalyst was shown to

preserve the atomic structure.?
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Figure 2.27: TEM image of the a) spent TOH Au supported on SBA-15 and b) spent inverse ATS (45 nm) 5

wit% catalyst.
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Figure 2.28: The TEM image of the spent catalyst TiO,-Au@SiO; after 111 cycles of CO oxidation activity.
The spent catalyst analysis by transmission electron microscope of the encapsulated catalyst revealed that the
shape of the nanoparticles was completely retained (Figure 2.28).

2.6. Conclusions

To elucidate active sites and the role of Au-metal oxide interfaces in gold catalysis and to the explore role of
confinement effects, large trisoctahedral (TOH) Au nanoparticles exposing periodic {110} sites were
synthesised using a reported procedure. These nanoparticles supported on different metal oxides were tested for
CO oxidation and their activity compared with inverse catalysts. The inverse catalysts are the ones where TOH
Au nanoparticles were decorated with active oxides to create a better metal-oxide interface. The trisoctahedral
Au nanoparticles were supported on active and inactive supports. The CO oxidation was found to be facile on
trisoctahedral Au nanoparticles supported on active support like TiO, while they were inactive till 300 °C on
SBA-15 proving the importance of reducible support for CO oxidation. The structure sensitivity was proved by
comparing the activity of TiO, supported trisoctahedral Au nanoparticles with that of nanotriangles, nanorods
and nanocubes which were not active under the reaction temperature regime. The inverse system was found to
be more active than the supported TOH Au nanoparticles demonstrating the special reactivity of active-metal

oxide interface. The role of confinement effects was probed by encapsulating the trisoctahedral Au
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nanoparticles and inverse system inside porous silica shell. The encapsulated systems were found to show

appreciable activity at room temperature. The encapsulation protocol helps to maintain the particle morphology

and thereby making the active centers intact. This chapter thus gives further insights into the reactivity of under

coordinated sites, metal-oxide perimeter interface and the role of confinement effects on the catalytic activity of

gold.
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Chapter 3
Shape controlled synthesis of Pd nanoparticles and their application

as catalyst for coupling and oxidation reactions”

#The chapter is adapted from:

S. Sreedhala, V. Sudheesh Kumar and C. P. Vinod, Nanoscale, 2014, 6, 7496-7502.

S. Sreedhala, V. Sudheesh Kumar and C. P. Vinod, Journal of Catalysis, 2016, 337, 138-144.
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3.1. Introduction

Palladium nanoparticles find potential applications in catalysis, pollution abatement, energy storage etc.?
The intrinsic chemical reactivity of nanoparticles depend on factors like size,* shape,® support,® metal support
interaction etc.”® The chemical activity and selectivity of nanoparticle is found to depend on the arrangement of
atoms on the nanoparticle surface. The special reactivity of low co-ordinated atoms and atomic steps has been a
topic of interest from 1920°s to recent past.” The theoretical and experimental results from both fcc and hcp
transition metal nanoparticles have shown that the active centres in the form of B5 sites are found to
significantly influence the activation of adsorbate molecules.’®*? The synthesis of high index faceted
nanostructures carrying such sites is challenging as the growth rate is fast in the direction normal to the high
index facets. But these high energy facets consist of surface atom with low co-ordination number which makes
them chemically more active than their low index counter parts.**** These atoms of under coordination can act
as active centers for breaking and making of bonds. There are a few reports in literature which depicts the
synthesis of high index faceted Pd nanostructures and their enhanced catalytic activity in liquid phase reactions.
One of the earlier reports by Sun and co-workers described the synthesis of tetrahexahedral (THH) Pd by
applying square wave potential to polycrystalline Pd powder deposited on an electrode.”® These THH Pd
nanoparticles were found to be enclosed by {730} facets and thereby exhibited 4-6 times better catalytic activity
than a commercial Pd black catalyst toward ethanol electro oxidation.™ Fivefold twinned high index faceted Pd
nanorods which were found to exhibit higher catalytic activity than the commercial Pd black catalyst was
reported by Tian and co-workers.'® Wang et al recently demonstrated the heteroepitaxial growth of Pd nanoshell
on a high-index-faceted THH and trisoctahedral (TOH) Au nanocrystals. The grown Pd nanoshells were
enclosed by {730} and {221} facets of the THH and TOH Au nanocrystals. These high-index-faceted Pd
nanoshells showed higher catalytic activities than Pd nanocubes that are enclosed with the low-index {100}
facets for the Suzuki coupling reaction.” Huang et al used a solvothermal method for the synthesis of Pd

concave tetrahedral nanocrystals with exposed {110} and {111} facets.’® Recently Xia et.al and Zheng et.al
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reported a simple route for the synthesis of Pd concave nanocube which exposes {730} facets and vicinal {310}
facets showing excellent electrocatalytic activity and good yield for Suzuki coupling reaction.***® Wang and co
workers presented a simple non seeded simple method for the synthesis of Palladium concave nanocubes.?
Similarly, highly branched nanostructures are also promising candidates in catalysis as they possess larger
surface area and surface roughness, while exposing specific (high index) crystal facets. Anisotropic palladium
nanothorns synthesized by Meng and co-workers were found to exhibit better catalytic activities towards
oxidation of formic acid.?* A universal approach for the synthesis of noble metal nanodendrites using amino
acid based surfactant was also recently reported.?? These nanodendrites were found to expose {220} and {311}
facets exhibiting good catalytic activity.

Palladium which is an important component in three way catalytic converter has been extensively studied for
its CO oxidation properties.>2* Several aspects of chemical reactivity by palladium catalysts for CO oxidation
have been demonstrated by using Pd single crystal model surfaces and on supported nanoparticles with size less
than 6 nm.>? The size dependence on CO oxidation was proved by several reports and one from Xia and co-
workers needs special mention where a sub 10 nm Pd cubes/bars on ZnO nanowires showed 10 times higher
activity than 18 nm Pd cubes. Palladium nanoparticles are also reported to show facet dependent chemical
reactivity towards chemical reactions.*® For example Zhao and co-workers demonstrated nanoparticle
morphology to have a great influence on the CO oxidation trends.*> Among the palladium nanoparticles
supported on SiO,, Pd octahedrons enclosed with {111} facet showed a much better performance towards CO
oxidation than Pd cubes that exposed {100} facets. There is a growing interest in studying noble metal
nanoparticles with exposed high index facets as they are found to show enhanced chemical activity than their
low index counter parts. This can be attributed to the presence of special sites like step and kink atoms with
unsaturated metal atom co-ordinations. Studies on model Pd single crystals to understand the role of defects
were previously reported. A stepped single crystal surface Pd {335} was found to show more CO, production
compared to flat Pd {111}.% Studies also showed that high degree of Pd steps can stabilize the metal phase and

destabilize the oxide phase resulting in the oscillations and reactivity trends in CO oxidation.”®?’ It has been
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proposed that the surface chemistry of the metal clusters (atomistic details like size and flexibility of the metal
atoms constituting the cluster) were shown to influence the interaction with gas phase adsorbates in particular
0, and CO.* An extensive literature search reveals that the gas phase chemical reactivity studies on high index
faceted Pd surfaces is limited to single crystals whereas several reports are available on liquid phase reactions
on high index faceted Pd nanocrystals. According to our knowledge a systematic report on the CO oxidation
trends from high index faceted Pd nanoparticles is missing in literature. Recent success in morphology
controlled synthesis of nanoparticles has motivated us to revisit the CO oxidation trends on Pd nanoparticles of
different morphologies in order to gain further understanding on the size and shape dependence for this
reaction.

Here, in this chapter a simple seed mediated approach for the synthesis of concave Pd nanocubes and Pd
nanoflowers in aqueous medium and at room temperature which exposes high index facets is reported. This
synthesis strategy shows a systematic evolution of concave Pd nanocubes and Pd nanoflowers using Pd
nanospheres with size below 6 nm as seed. The palladium seeds obtained by the simple reduction of H,PdCl, by
NaBH, were used for the synthesis of Pd nanocubes. The nanocubes thus obtained were then used as the
template for the formation of palladium concave nanocubes and nanoflowers. Even though this procedure
involves three stages; the synthesis was done in aqueous medium at room temperature within 30 to 45 minutes
of reaction time thus making it a convenient method for making such nanostructures. They were tested for gas
phase CO oxidation and liquid phase coupling reaction to elucidate the structure sensitive chemical activity by

Pd nanostructures.

3.2. Experimental

3.2.1. Reagents

Palladium Chloride (PdCl;) (Sigma Aldrich), Cetyl trimethyl ammonium bromide (CTAB), Ascorbic acid
(AA), Sodium bromide (NaBr), Sodium Borohydride (Spectrochem), Cetyl trimethyl ammonium chloride

(CTAC) (Alfa Aesar), Darco G60 (Activated Carbon) were purchased and used as received. The water used in
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all the experiments was ultrapure millipore water.

3.2.2. Synthesis of Pd nanospheres

H,PdCl, solution (10 mM) was prepared by dissolving PdCl, 0.1773 g in HCI (0.2 M, 10 mL) and further
diluting it to 100 mL with ultrapure millipore water. In a typical synthesis, 50 puL of H,PdCl, solution (10 mM)
was added to 7 mL, 75 mM CTAB solution. To this 900 pL of 0.1 M freshly prepared NaBH, solution was
added while stirring. This resulted in palladium nanospheres and was used as seed solution for the further
growth of nanocubes.

3.2.3. Synthesis of Pd nanocubes

About 300 mg of CTAB was dissolved in 10 mL of millipore water. To this, 125 puL of 10 mM H,PdCl,
solution, 10 pl of 0.01 M NaBr, 45 uL 0.1 M AA were added and mixed thoroughly by gentle shaking. Around
50 pL of Pd nanospheres seed solution was added and kept undisturbed. The solution gradually turned to black.
3.2.4. Synthesis of Pd concave nanocubes

In a typical synthesis, 5 mL of 5 mM CTAC solution was kept at 30 °C for 10 mins. Then Pd nanocube seed
solution (40 pL for 47 nm, 80 pL for 37 nm, 100 pL for 23 nm), 100 pL of 0.1 M AA and 125 pL H,PdCl,
solution (10 mM) were added successively, mixed by gentle shaking and kept undisturbed. Within 10 mins the
solution turned black indicating nanoparticle formation. The nanoparticles were designated as Pd concave cubes
(~ 47 nm), Pd concave cubes (~ 37 nm) and Pd concave cubes (~ 23 nm) respectively.

3.2.5. Synthesis of Pd nanoflowers

In a typical synthesis, 5 mL of 5 mM aqueous CTAB solution was kept at 30 °C for 10 mins, Then Pd
nanocube seed solution 40 pL, 100 puL of 0.1 M AA and 125 pL H,PdCl, solution (10 mM) were added
successively, mixed by gentle shaking and the reactants were left undisturbed. The formation of black solution
within 10 mins indicated the formation of nanoparticles.

3.2.6. Synthesis of supported Pd Nanoparticles

Desired amount (10 mg) of support MgO/CeO,/TiO-/ with surface area 70 m?/g, 83 m?/g, 55 m*/g was added to

the Pd nanocube and Pd concave nanocube and Pd nanoflower colloid solution. The slurry formed was stirred
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for 2 h, centrifuged, washed with water and dried at 100 °C and calcined at 300 °C for 5 h.

1) CTAB
2) AA
3) Pd**

pars Pd* 1)CTAB  iiisers sa1) CTAB 2) NaBr

P(l.. P(I 2) NaBH H;luo:.u':" 3)AA 4 Pd1+
Pd* O ‘i’}.s e ™
1)CTAC
2) AA
3) Pg

Scheme 3.1: General scheme for the evolution of palladium concave nanocubes and nanoflowers from a
spherical seed.

3.2.7. Synthesis of Palladium Nanospheres of larger size

In a typical synthesis, 1 mL of 0.1 M PdCl, solution was mixed with 10 mL, 12.5 mM CTAB at 30 °C for 10
mins. Then 2 mL of 0.1 M NaBH, solution was added drop wise while stirring. Stirring continued to remove
excess of NaBH,.

3.2.8. Characterisation

The as synthesised catalysts were isolated by centrifugation at 10000 rpm and characterised by transmission
electron microscope (TEM, TECHNAI FEI operating at 300 keV), powder X-ray Diffraction (XRD,
PAnalytical X pert pro dual goniometre diffractometer) working at 40 kv and 30 mA with Cu Ka source and
with Varian Cary 50 Conc UV-Visible spectrophotometer. The ICP analysis was done using Spectro Arcos ICP-

OES. The products of Suzuki reaction and Heck reaction were analysed by Agilent N6890 GC.
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3.2.9. Catalyst testing

a. Suzuki Coupling

A 25 mL RB flask with 4 mL ethanol and 1.5 mmol of phenylboronic acid was charged with 1 mmol
iodobenzene. Then 1.5 mmol K,CO3 and 100 pL (0.1 mg of Pd by calculation or 100 mg of Pd nanostructures
supported on activated carbon were added. The medium was kept at 80 °C for 1 h under magnetic stirring.

b. Heck Coupling

A 25 mL RB flask, which contained 0.21 mL (1.5 mmol) styrene, was charged with 0.11 mL (1 mmol)
iodobenzene. Then 1.5 mmol K,CO3; and 100 pL (0.1 mg of Pd by calculation) or 100 mg of Pd nanostructures
supported on activated carbon were added. The medium was kept at 120 °C for 1 h under magnetic stirring. The
products of both reactions were analysed using gas chromatogram.

c. CO oxidation

The catalytic activity of supported Pd nanostructures for CO oxidation was measured in a fixed bed reactor
under atmospheric pressure using 100 mg pelletized catalyst. The total flow rate was 50 ml/min with a ratio of
(1:5:19 CO: O2: N,) with a temperature range of 40 °C to 300 °C. The calculated GHSV was 30000 cm®/gcai/h.
The reactor was placed in a tubular furnace and temperature of the furnace was controlled by Radix6400
temperature controller. The catalyst bed temperature was measured by a K-type thermocouple. The effluent
gases were analysed online by gas chromatograph equipped with online gas sampling valve and a TCD detector.

The activity was examined by looking at the CO conversion.
3.3. Results and Discussion

3.3.1. Transmission electron microscopy

a. Pristine nanoparticles

The systematic evolution of Pd nanospheres to nanocubes and then to concave cubes and nanoflowers is
reported. By changing the surfactants used in the synthesis strategy, the shape of the nanoparticles was

controlled. The first step in this sequential nanostructure synthesis is the formation of palladium seeds. In Figure
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3.1a the TEM image of the palladium seed obtained during our synthesis is shown. They are mostly composed
of spherical particles with size below 6 nm. These spherical palladium nanoparticles were used to prepare
palladium nanoparticles of other morphologies using a seed mediated synthesis procedure. Accordingly, in the
second step the spherical Pd nanoparticles were transformed to nanocubes at room temperature with fairly good

yield

=-.. G

Figure 3.1: The TEM image showing a) spherical Pd nanoseeds, b) Pd nanocubes, c) Pd concave anocubes and

d) Pd nanoflowers.

The TEM image in Figure 3.1b shows that the Pd nanocubes are in the size ranging from 20 nm to 35 nm with
particles mostly in the size range 20 nm. The TEM image also showed some spherical particles which are from
the unreacted seed particles. The novelty of the procedure adopted here is that they are prepared at room
temperature and in aqueous medium using Br™ as the structure directing agent. These palladium nanocubes were
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used as seed for making other nanostructures at room temperature. The binding property of ions in surfactants
like CTAB and CTAC to specific facets of the nanocube was utilised to achieve shape control. A concave
nanocube can be considered as a cube with centres of the six faces pushed inside to form square pyramid
likedepressions. In Figure 3.1c the TEM image of the concave nanocube obtained during our synthesis with an
average particle size of 37 nm is shown.
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Figure 3.2: TEM image of different sized Pd concave cubes a) Pd concave cubes (~ 23 nm), b) Pd concave
cubes (~ 37 nm) and c) Pd concave cubes (~ 47 nm) and the corresponding histogram.

The size control was achieved by changing the amount of seed solution used in the growth stage. Thus by
changing the volume of the seed solution that was added to the growth (40 pL for 47 nm, 80 pL for 37 nm, 100
pL for 23 nm) concave nanocubes of varying sizes as shown in Figure 3.2 were achieved. From Pd nanocubes,
by changing the surfactant in the growth stage from CTAC by CTAB of similar concentration Pd nanoflowers
were obtained instead of concave nanoparticles (Figure 3 1d).

The high resolution microscopic analysis revealed that the surface of concave cube exposes high index facets

carrying periodic step sites. In Figure 3.3 an individual concave nanocube with characteristic depressions at
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each of the faces thereby forming the concave structure is shown. For a concave nanocube enclosed by high-
index facets, the Miller indices can be derived from the projection angles along a selected crystallographic
axis.**® From the TEM image, the angle between {100} facets and concave facets was measured to be 18° (see
Figure 3.3b). This value is consistent with the theoretical angle between {310} facets and {100} facets (i.e.
18.4°). The theoretical angle can be calculated using the formula, the projection angle a = arc tan (k/h) for a
given (hkl) value.** The {310} facets consist of (100) terraces and (110) steps. Clearly, the HRTEM image (see
Figure 3.3c) from one of the edges of the concave nanocube showed the presence of steps and terraces. The high
resolution image also show crystal lattice fringes with d value of around 0.20 nm for a Pd (100) plane. The

atomic model of {310} is shown in Figure 3.3 d.

5
S 959999985898
S 900000888
2998866
114

Figure 3.3: a) A single concave nanocube, b) the calculation of the angle between the {100} facet and a concave
facet, c) one of the edges showing the steps and terraces along with the lattice fringes and a d spacing of 0.20

nm and d) scheme showing the atomic arrangement of {310} facets.
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Highly branched nanostructures are ideally suited for catalysis as high surface area and the presence of high
index facets can lead to enhanced catalytic activity. In Figure 3.4a the TEM image of a Pd flower with its
receptacle and the different petals is shown. A closer look with TEM showed the surface of the nanoflower to
be highly corrugated (see Figure 3.4b). The atomic details of one of the corrugated edges of Pd nanoflower are
presented in Figure 3.4c which clearly showed the presence of monoatomic steps. The edges were found to
consist of {311} facets which is made up of {100} terrace and {111} steps as reported as shown in Figure 3.4 d
and reported previously.* In Figure 3.5 the TEM image of low index faceted nanoparticles used in control

experiments is also shown.
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facets.
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For CO oxidation activity of the nanostructures, they were supported on oxide supports like MgO, ceria and
titania which are reducible active supports and on activated carbon and silica which are inert supports and the
catalytic activity of high index faceted Pd concave cubes and nanoflowers were compared with flat low index

faceted nanostrutures of similar size (see Figure 3.5).
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Figure 3.5: TEM image of a) spherical palladium nanoparticles and b) cubes which was used in control
experiments.

b. Supported Pd nanostructures

TEM image of the as synthesized Pd concave nanocubes with an average particle size of 37 nm is shown in
Figure 3.6a along with the image of supported Pd concave cube (~ 37 nm) on MgO in Figure 3.6b. The contrast
difference of the Pd concave cube on MgO support can be clearly noticed from the TEM image. It can be
inferred that the morphology of the nanoparticle is retained even after immobilizing on MgO support followed
by calcination at 300 °C. The ceria and TiO, supported concave cubes are shown in Figure 3.6¢ and d. Figure
3.7a shows the as-synthesized Pd nanoflowers and MgO supported Pd nanoflowers with a size of approximately
100 nm. The nanoflowers with their petals and the receptacle are shown in the TEM image (Figure 3.7b).

Detailed high-resolution TEM as in Figure 3.7¢ showed the petals to carry {311} atomic sites.
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Figure 3.6: The TEM image showing a) as-synthesized Pd concave cubes (37 nm), b) a Pd concave cube
supported on MgO, c) Pd concave cubes (~ 37 nm) supported on CeO, and d) Pd concave cubes(~ 23 nm) on

TiO, after calcination.

The formation of Pd nanoparticles with different morphologies can be attributed to the interplay between the
selective face blocking tendency of the stabilising agent and the reduction kinetics i.e. the rate at which Pd° is
supplied to the crystallographic planes of the palladium nanoparticle. The nanocube growth solution also
contains an excess of Br™ ions which more strongly bind with {100} facets than with the {111} facet of the
spherical nanoparticles. Thus the reduced Pd atoms in solution preferentially grow on the {111} facet and cause
their disappearance resulting in the formation of nanocubes with exposed {100} facets.*” In the case of the
concave nanocube and nanoflower synthesis, an excess of either CTAC or CTAB in the growth solution was
used. The growth in this case can be understood in terms of the binding properties of CI" and Br'on the {100}
facets.®* Since Br strongly binds to the {100} facet the only accessible sites for the reduced Pd atoms are

{110} and {111} edges and corners and mostly the {111} edges resulting in nanoflowers. Since CI" is weakly
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bound on the {100} facet when compared to Br" some growth on this facet could be seen resulting in concave
nanocube structures. Since the reduction rate is greater than the surface diffusion rate of the particle, the newly

formed atoms will not move to the side faces and grow from the edges and corners resulting in either palladium

40-41

concave nanoparticles or nanoflowers depending on the ions in the growth solution.

Figure 3.7: The TEM image showing a) as-synthesized Pd nanoflowers; b) MgO supported nanoflower; c) the
atomic arrangement along the edge of the petal and d) an atomic model of {311} showing the geometry of
defect sites.

So by carefully manipulating the reaction conditions, nanostructures with different shapes have been
synthesised. A general scheme for the transformation of palladium nanocubes to concave nanocubes and
nanoflower is shown in Scheme 3.1. To garner knowledge on the structure sensitivity, spheres were also
synthesised and used for control experiment. The TEM image from MgO supported spherical Pd particle is

shown in Figure 3.8.
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Figure 3.8: TEM image of a) Pd spherical seeds(less than 6 nm) supported on MgO and b) Pd spheres of size
around (~ 35 nm) used in the control experiments.

3.3.2. X-ray Diffraction

The corresponding XRD patterns shown in Figure 3.9 indicated palladium to be metallic in nature and

exhibiting typical reflections from a fcc lattice. The XRD pattern shows the reflections at 40.5°, 46.8°, 68.4°,

82.3° corresponding to the (111), (200), (222), (311) facets.

—— Pd Nanocube
—— Pd Concave cube
—— Pd Flowers

(111)
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20 40 60 80
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Figure 3.9: XRD spectrum of different pristine Pd nano structures.
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The supported catalysts were also analyzed using a powder X-ray diffraction technique, and the corresponding
XRD profile is shown in Figure 3.10. The Figure 3.10a shows reflections from MgO (JCPDS [78-0430]) and
Mg(OH), (JCPDS[84-2167]) indexed by the open and closed circles respectively. The inset shows the reflection
at 40° corresponding to Pd (111) facets. The formation of Mg(OH), under our immobilization conditions could
not be prevented but calcination at higher temperature in air at 500 or 650 °C was able to remove these
hydroxides. The XRD analysis for Pd concave cubes and nanoflowers supported on ceria and titania is also

reported here (see Figure 3.10b and c).
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Figure 3.10: The XRD showing the reflections of a) Pd concave cube/MgO catalysts. The peak corresponding to
both MgO and Mg(OH), is observed. The inset shows the reflection of Pd (111) b) and c) nanostructures

supported on ceria and titania.
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3.3.3. UV-Visible spectroscopy
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Figure 3.11: UV-Visible spectrum of different Pd nano structures.
UV-Visible is an effective method to investigate whether the metal precursors are reduced or not. The Figure
3.11 shows the UV-Vis spectrum of H,PdCl, solution and the spectrum of Pd concave cubes and flowers. The
absorption at 309 nm and 423 nm is due to the charge transfer from ligand (CI') to the Pd** ions. When reducing
agent was added the peaks disappeared showing the formation of Pd nanoparticles. No new peak emerged as Pd
is not having any SPR in UV-Vis region.
3.3.4. Catalyst activity testing
One of the major goals of synthesizing the palladium nanostructures was to understand the size and structure
sensitivity of reactions catalysed by this metal. The as synthesised palladium cubes, concave cubes, nanoflowers
and spherical nanoparticles were evaluated by testing the catalytic activity for bench mark reactions like CO
oxidation and coupling reactions.
3.3.4.1. Coupling Reactions: Suzuki and Heck Coupling
In a typical Suzuki coupling reaction phenyl boronic acid is coupled with iodobenzene using different

morphologies of palladium nanoparticles. After 1 h of reaction, the as synthesised palladium concave nanocubes
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catalyst (23 nm) gave a conversion of 95% of iodobenzene to biphenyl. The conversions achieved in this case
were similar to palladium nanoparticles of approximately 5-6 nm and to previous reports on concave cubes.*
The Suzuki reaction was also carried out on palladium concave nanocubes of bigger sizes (37 and 47 nm) and

showed good catalytic activity. The results are summarized in the Table 3.1.

No. Catalyst % Conversion ? TOF (x10'%) % Conversion® | TOF (x10'?)
S—l S—l
1 Pd concave cube (~ 23 nm) 95 11 76 8.8
2 Pd concave cube (~ 39nm) 96 19.1 80 15.9
3 Pd concave cube (~ 47 nm) 97 23.8 84 20.1
4 Pd cubes (~ 20 nm) 48 3.8 34 2.6
5 Pd spheres (~ 35 nm) 55 4.3 48 3.7

2 Suzuki Coupling and " Heck Coupling

Table 3.1: Table showing the % conversion and TOF for Suzuki coupling and Heck coupling done with
different palladium catalysts.

To compare the reactivity with low index surfaces, the same reaction under similar conditions was tested on 20
nm palladium nanocubes. Unlike concave nanocubes, the simple nanocube analogues are exclusively bound by
{100} faces without any defects. In this case the conversion achieved was only 48%, thus proving beyond doubt
attributing the supreme activity on concave nanocube to the high density of step atoms present on their surface.
The marginal activity shown by conventional cubes may be due to the presence of edge and corner atoms
present on the cubes. Further, the Suzuki coupling reaction was carried out on Pd nanoflowers which our TEM

analysis showed considerable density of step atoms. In this case the activity achieved was similar to that of
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concave nanocubes with conversion reaching around 99%. As a control experiment, Pd nanospheres of
approximately 30 nm was synthesized and tested for Suzuki reaction which gave only 55% conversion.

Previous literature report suggests Suzuki reaction to be size dependent with size below 10 nm found to be
catalytically more active.*? It should be noted that the nanoparticle systems, even though the size was above the
optimum, gave a comparable activity to that of conventional catalyst. This activity can certainly be attributed to
the presence of high density of step atoms in concave nanocubes and nanoflowers.

The Pd nanostructures synthesized were also tested for Heck coupling, where iodobenzene was coupled with
styrene to form trans-stilbene. It is already reported that the Pd-metal catalyzed Heck coupling of aryl halides
with olefins is a structure-sensitive reaction and the Pd sites responsible for high activity are those with metal
atoms with low coordination number.*® So the catalyst with high index facets (i.e. with high density of under
co-ordinated atoms) was expected to give a good conversion even though the particle is well above the optimum
size of 5-6 nm. It was remarkable to note that palladium concave nanocube of approximately 47 nm showed a
conversion of around 84% with smaller sizes also being equally active. The high index Pd nanoflowers also
showed around 85% conversion towards trans-stilbene. As a control experiment the chemical activity of Pd
concave nanocubes and nanoflowers were also compared with that of Pd nanospheres of size around 30-35 nm.
Here, The Pd nanospheres showed a conversion of about 48% for Heck coupling reaction. This again proves
that the defects are responsible for the observed high activity for the reaction, and the reactions are shape
dependent and size independent.

a. Turn over frequency calculations

The nanoparticle systems like (concave) nanocubes reported here are truly model and ideal to calculate the
dependence of reactivity on the specific exposed surface atoms. For this the total surface atoms to volume ratio
per particle for three different concave nanocubes which were the most active in both the reactions were
calculated and its dependence on the TOF was plotted (for TOF calculation see appendix of the thesis).
Similarly, the total number of step atoms along the edge per particle of concave nanocubes was also calculated

and plotted against the TOF. The calculations on palladium nanoflowers were not attempted as the calculation
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of surface atoms were difficult due to the complex surface structure of the nanoflowers. The results from
concave nanocubes of different sizes shown in Figure 3.12 clearly demonstrate distinctly different dependence
on the rate. It can be seen that as the size of the concave nanocube increases the surface to volume ratio
decreases dramatically. Thus a 47 nm palladium concave nanocube, in spite of having smaller surface to volume
of Pd atoms compared to a 23 nm particle showed better reactivity. This is interesting as the general trend in
nanocatalysis is the observation of enhanced reactivity with decreasing size.** From the curve it can also be
inferred that TOF values did not show a linear dependence towards the total surface to volume of Pd atoms. On
the other hand a plot of the total number of surface step atoms along the edge per particle (shown in Figure
3.12) showed a linear increase on the calculated TOF values with size for the reactions studied. Such linear
correlation clearly indicates that the step atom density has a direct bearing on the observed enhanced catalytic
activity of the two reactions studied over palladium concave nanocubes.
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Figure 3.12: The plot of turn over frequency (TOF) for Suzuki and Heck coupling reactions against the Pd
surface atom to volume ratio of a particle and step atom density along the edge of the palladium concave

nanocubes of different sizes.
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b. Spent Catalyst Analysis

The liquid phase catalytic transformations were carried out at elevated temperature at 80 °C and 120 °C
respectively, the morphology of the nanoparticles after the reaction was investigated using TEM. Interestingly,
the Pd nanoparticles in both catalysts maintained their morphologies during the catalytic reaction, as revealed
by TEM imaging shown in Figure 3.13. The presence of some isolated nanoflower like structures was observed
in the case of concave nanocubes. These could be formed during the course of the catalytic reaction as such

structures were not present before the reaction.

Figure 3.13: The TEM image of the catalyst a) concave nanocube and b) nanoflowers after Heck coupling
which shows that morphology is retained.

3.3.4.2. CO oxidation activity

a. Structure dependent CO oxidation on Pd nanostructures

To garner further knowledge on structure sensitivity of these nanostructures, the supported nanoparticles were

tested for CO oxidation reaction. In Figure 3.14 the CO conversion plot for Pd concave nanocubes (47 nm) and
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Pd nanoflowers (~ 100 nm) supported on MgO is shown. The CO oxidation was found to be facile on the Pd
concave nanocubes, and nanoflowers with onset temperatures at 140 °C for 47 nm Pd concave cube and
nanoflowers respectively. The full conversion for these catalysts was achieved at around 200 °C and 190 °C
respectively. This activity profile demonstrated the role of coordinatively unsaturated atoms in the form of steps
on the surface of Pd concave nanocubes and nanoflowers which exposes {310} and {311} high index planes.
To compare the CO oxidation activity of these high index faceted Pd nanostructures, Pd nanoparticle systems
with different sizes and morphology was investigated. As a first comparison the CO oxidation activity of Pd
cubes of size 30 nm supported on MgO was studied. Unlike concave nanocubes and nanoflowers, surface of a
simple cube is expected to carry minimum amount of under co-ordinated atoms (mainly from the edges) which
can impart slightly improved reactivity compared to spherical particle of similar size. This is indeed reflected
from the CO oxidation profile shown in Figure 3.14, where an onset temperature of 200 °C and full conversion
temperature of 270 °C was observed which is far below as that demonstrated by concave nanocubes and
nanoflowers. The reactivity of supported Pd nanocubes from this study is in agreement with the work of Xia et
al where an 18 nm Pd cube on ZnO showed an onset of 160 °C and full conversion at 260 °C.* To further
investigate the size and shape dependence of CO oxidation on Pd nanostructures, reactions on Pd nanospheres
of 6 nm and 35 nm supported on MgO was carried out. The Pd nanospheres of size ~ 35 nm showed an onset
temperature of 190 °C and did not achieve full conversion until 300 °C with a maximum conversion being 35%.
A self consistent DFT calculation study by Norskov and co-workers clearly indicate that the step density
continuously increases as particle size decreases.* They predict that the concentration of step edge sites to be
minimal for a spherical cluster size above 10 nm. The residual activity and higher onset temperature of our 35
nm spherical Pd nanoparticles can be attributed to these marginal sites explaining the structure sensitivity of CO

oxidation on supported Pd nanoparticles.
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Figure 3.14: The conversion plot showing the CO oxidation activity of Pd concave nanocubes (47 nm) and Pd
nanoflowers (100 nm) supported on MgO. The performance of spherical seeds, cubes, and spheres is also
compared.

From the previous CO oxidation studies, it is clear that the optimum size for activity is found to be around ~ 5
nm.? To test and compare the activity of Pd concave nanocubes, Pd nanoparticles of ~ 5-6 nm was synthesised
and supported on MgO. The CO oxidation profile from 6 nm particles in (Figure 3.14) showed a light off
temperature at 160 °C with full conversion at 220 °C. On comparison it can be concluded that supported Pd
concave nanocubes (47 nm) and Pd nanoflowers showed a lower onset temperature for CO oxidation compared
to the supported Pd nanospheres of size less than 6 nm. This is in agreement with the report of Cuenya et al on
the importance of under coordinated Pt surface atoms, where a decrease in the onset temperature for 2-propanol
oxidation was observed with increase in the number of dangling bonds on the Pt nanoparticle surface.” Pd
nanoparticles of size 3-5 nm on different oxide supports were found to show an onset temperature at around 100

°C and full conversion at around 200 °C.?* Microporous polymer supported Pd nanoparticles with size 2.7 nm
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and with a Pd loading of 0.9 wt% showed a Ts; at 205 °C and maximum conversion at 220 °C.*® These values
are comparable with Pd concave cube (47 nm) where Tso was around 180 °C with a temperature of full
conversion at 200 °C even though size was 10 times larger than the reported one. In another study, the light-off
temperatures of CO oxidation over Pd (octahedron) (22 nm)/SiO, and Pd (cube) (23 nm)/SiO, catalysts were
250 °C and 320 °C, with the complete CO conversion temperatures at around 290 °C and 370 °C respectively.*!

b. Effect of support
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Figure 3.15: The CO oxidation plot for Pd nanostructures supported on a) CeO; b) TiO, c¢) Pd concave cubes (~
47 nm) supported on carbon and silica.
The effect of support in the CO oxidation rates is inconclusive and has been debated in literature. For example,
the CO oxidation by Pd nanocubes recently reported by Qiu et al showed that a basic support like MgO

outperform others in the chemical activity.”” The CO oxidation by Pd nanoparticles with size less than 10 nm is
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extensively studied on different supports like SBA-15,*® Al,O3,*° Ti0,,>° FeOx,> Ce0,.2**? In this context, Pd
concave nanocubes were supported anatase TiO, as well as on ceria and tested for CO oxidation to probe the
role of support (see Figure 3.15 for the conversion plot). In the present study, the catalysts showed a similar
trend on the active supports used, with larger sized Pd concave nanocube (47 nm) showing a marginally better
activity in all the three supports. The CO oxidation activity profile of Pd concave cubes (~ 47 nm) was also tried
by supporting them on activated carbon and silica. They were found to show no or minimal activity at 300 °C
(See Figure 3.15c). The slightly enhanced activity for Pd concave cube (~ 47 nm) than 37 nm and 23 nm can be

attributed to the better morphological stability.

c. Size dependent CO oxidation on Pd nanostructures
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Figure 3.16: The conversion plot showing the CO oxidation activity of Pd concave nanocubes (47 nm) and Pd

nanoflowers (100 nm) supported on MgO. The performance of spherical seeds, cubes, and spheres is also

compared.
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The size dependency of Pd concave cubes for CO oxidation was also studied by probing the activity for Pd
concave cubes of size 23 nm and 37 nm and results were compared with the activity of 47 nm Pd concave cubes
and are shown in Figure 3.16. The catalyst with concave cubes of largest size was found to be marginally more
active when compared to smaller ones. The onset temperature for 37 nm particles and 23 nm supported on MgO
was 150 °C and 160 °C respectively. They showed 100% conversion at around 230 °C. This was contradictory
to the usual scenario where activity decreases with increasing particle size. The activation energy for Pd
concave cubes of 47 nm, 37 nm and 23 nm was 75 kJ/mol, 86 kJ/mol and 127 kJ/mol respectively taking CO
conversion values below 15% for calculation. This better activity can be speculated to the better stability of our
larger nanoparticles when compared to the smaller ones keeping the active centers intact under reaction
environment.

d. Turn over frequency calculations

In order to investigate the intrinsic activity of the catalyst, the TOF values were calculated using total number of
surface Pd atoms into account. The turn over frequency value calculated from different nanoparticle systems is
compiled in table 3.3. Here, the TOF value of different catalyst system at a particular temperature (200 °C) was
compared. The Pd concave cube (47 nm)/MgO showed a higher TOF value of 2.5 s when compared to that of
Pd concave cube (37 nm)/MgO and (23 nm)/MgO with values of 0.5 s*and 0.3 s respectively (See Appendix
for calculations). These results clearly showed that Pd concave cube (47 nm) was found to give a better
performance even though the size was far above the optimum. The control experiments done with MgO
supported Pd cubes and Pd spheres of similar size gave TOF@ 200 °C values of 0.024 s™* and 0.065 s™* which
clearly depict the structure sensitivity of CO oxidation over Pd nanostructures. The TOF trends observed were
similar on CeO, and TiO,, except that for TiO, supported Pd concave nanocubes (47 nm) showed lower values
which is due to the poor conversions achieved at 200 °C on this support. The Pd concave cube (47 nm) showed
a relatively higher TOF value of 0.196 at 140 °C than that over 2 wt% Pd cubes (22 nm)/SiO, catalyst and 2

Wt% Pd octahedrons (22 nm)/SiO, which gave a maximum TOF value of 0.52 s™* and 0.69 s™* respectively.™
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TOF value at T=200°C TOF max (s!)

No. Catalyst sH at 100% at T=T,,,
MgO CeO, TiO, conversion on MgO
1 Pd concave cube (47nm) 2.55 2.45 0.99 2.55 (200°0C)
2 Pd concave cube (37nm) 0.5 0.4 0.5 2.13 (220°C)
3 Pd concave cube (23nm) 0.3 0.1 0.16 1.24 (240°C)
4 Pd spheres(~ 35nm) 0.06 - 0.02 -
5 Pd cubes (~30nm) 0.02 0.069 0.03 0.84 (270°C)
6 Pd spherical seeds (~6nm) 0.1 0.13 0.08 0.16 (220°C)

Table 3.2: The TOF values calculated for different supported nanoparticle systems at 200 °C and maximum
TOF obtained at full conversion.

The TOF values obtained here gave an indication that the activity of Pd concave nanocubes with size above the
optimum range have little dependence on the support that is being used and it is the structural defects on the
nanoparticle that play a dominant role in CO adsorption and oxygen activation and thereby formation of CO,.
The Pd concave nanocube carrying large amount of under co-ordinated surface atoms can provide lower
activation barrier for CO oxidation reaction compared to 6 nm or 35 nm spherical particles. This is interesting
as it is contradictory to the usual scenario where activity increases on decreasing the particle size.**

Since catalysis is a surface phenomenon, the dependence of the turn over frequency on the exposed surface
atoms was investigated. The surface atoms on concave cubes, cubes and spheres of similar size were calculated
numerically by taking morphological factors into account (see Appendix for calculation). It can be inferred that
even though the number of surface Pd atoms is more for 35 nm spherical particles when compared to a 37 nm
Pd concave cube, the TOF is less relative to a concave cubes (See Figure 3.17). This enhanced activity can be
related to the presence of under coordinated step atoms on a Pd concave cube which exposes {310} high index
planes. The calculations on Pd nanoflowers were not taken into consideration due to the more corrugated

structure. Both experimental and theoretical studies have shown that oxygen binds strongly to the defect sites

98




than on flat terraces of Pd surfaces.”*° It is also understood that the CO binding energy is also altered on such
defect sites but not as significant compared to oxygen adsorption.”®>’ So improved activity could be attributed
to the increased number of adsorption sites for O, activation in the form of steps and kinks which reacts with

CO from the terrace surfaces.”®>°
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Figure 3.17: The plot of maximium TOF value for CO oxidation reaction against the total surface Pd atoms on
concave cubes, cubes and spherical nanoparticles of similar size supported on MgO.
e. Catalyst stability
To find the extended stability of the nanostructures, the second cycle for the supported Pd catalysts was carried
out, and the conversion plot is shown in Figure 3.18. Surprisingly, a similar activity was observed with
remarkable stability for a supported Pd concave cube (47 nm) and Pd nanoflowers (100 nm). The lesser
structural stability of the 23 nm particles is also evident from the shift in onset and full conversion temperature

during the second cycle. The structural stability of Pd concave cubes (47 nm) and nanoflowers (100 nm) can be
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attributed to the bigger size of the nanoparticles, which can resist morphological changes to a greater extent as

demonstrated recently for nanoporous Au.®
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Figure 3.18: The CO conversion graph for the first and second run of the different supported Pd nanostructures.

The catalysts were also found not to deactivate till 300 °C and showed a steady conversion (100%) for 5 h at

200 °C demonstrating that the active sites responsible for catalysis were intact even at those temperatures and in

reactant stream except for supported 23 nm Pd concave nanocubes (See Figure 3.19). It is well documented that

smaller particles are mobile on the support and can undergo structural changes under reactant stream and with

temperature.
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Figure 3.19: The time on stream versus % CO conversion plot for Pd Concave cubes of different sizes and Pd
nanoflowers (~ 100 nm) supported on MgO.

f. Spent catalyst analysis

Figure 3.20: TEM images of the catalyst after two cycles of CO oxidation reaction. a) Pd concave cube (~ 47
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nm) supported on MgO b) Pd Concave cube (~ 23 nm) supported on TiO, c) nanoflower supported on MgO d)
unsupported nanoparticle (~ 37 nm) before reaction.

TEM analysis of the spent catalyst was done, and interestingly, Pd concave cubes with size 47 nm were found
to maintain their morphology, but smaller particles with size 23 nm lost their morphology after two cycles as
observed from Figure 3.20. The Pd nanoflowers (~ 100 nm) were also found to retain their morphology after
three cycles of CO oxidation. This clearly shows the extended stability of larger nanoparticles when compared

to smaller ones.
3.4. Conclusions

In summary concave Pd nanocubes and Pd nanoflowers were synthesized using a seed mediated protocol in
aqueous solution at room temperature within 1 h reaction time. The synthesis method showed the systematic
evolution of spherical Pd nanoparticles into Pd nanocubes and then to concave Pd nanocubes. By carefully
choosing the surfactant from CTAC to CTAB Pd nanoflowers were obtained as the major product. Owing to the
presence of a large amount of defects, these nanoparticles showed better catalytic activity towards Suzuki
coupling and Heck coupling reactions than the Pd nanocubes. This clearly demonstrates the structure sensitivity
of Pd nanoparticles for this reaction. The reactivity of different sized concave nanocubes showed similar
conversion and turn over numbers showing the size insensitivity and demonstrating the strong dependence on
surface defects.

The rate of CO oxidation was found to be more facile on supported high index faceted Pd concave nanocubes
and nanoflowers which exposes {110} and {111} step sites than to a 6 nm particle. This was evidenced by
lower onset temperature and temperature of full conversion shown by high index faceted particles. The effect of
support was also probed by using different supports like MgO, CeO, and TiO,. A marginal or no support effect
was observed in this case. The better activity of larger concave cubes when compared to the smaller ones can be
attributed to the better morphological stability of larger particles. This study is probably the first attempt on

investigating the trends in reactivity of structured high index faceted Pd nanoparticle systems for gas phase
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reactions. The importance of morphology controlled synthesis of nanoparticles with high index facets is

reiterated by the results reported in this work.
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Chapter-4

Synthesis of Ruthenium nanostructures and its CO oxidation activity”

* The chapter is adapted from

S. Sreedhala, C. P. Vinod, Chemical Communications, 2015, 51, 10178-10181.

106




4.1. Introduction

The area of nanoparticle assemblies and its application have gained much interest during recent past as they can
bridge the gap between nanometer scale and macro size regime.® The synthesis strategies for the formation of
self assembled nanoparticles in the form of nanochains and structured nanoparticles has been developed for face
centered cubic (fcc) metals like Ag,* Au,® Pd,° Ir,” Rh® etc but are less established for hexagonally close packed
(hcp) metals. The inherent anisotropy along the C-axis in hcp systems makes it tedious to synthesise structured
nanoparticles of the same. Generally, hcp metals they tend to grow in the form of nanorods or nanoworm like
structures to minimise surface energies.’

Ruthenium nanoparticles find potential application in hydrogenation as well as for the oxidation or preferential
oxidation (PROX) of CO when used in conjunction with fuel cell applications. Since PROX reactor should
perform between low temperature shift reactor (~ 200 °C) and polymer—electrolyte membrane fuel cell
(PEMFC) (~ 80 °C) there is lot of interest in CO oxidation studies on Ru based structures.>** Morphology
controlled synthesis of Ruthenium nanoparticles have been achieved recently. A report by Tilley et al
demonstrated the thermodynamic formation of hour glass ruthenium nanocrystals which were found to readily
self assemble to form a super lattice structure.*®* The crucial role of morphology in defining catalysis has been
recently demonstrated by Yan and co-workers where Ru with capped column morphology synthesized by a
hydrothermal approach was found to show enhanced SERS activity when compared to nano triangles and
spheres.' Yang et al reported a systematic study on the synthesis of ruthenium nanoparticles in oleylamine at
well above 300 °C, where the morphology was tuned by temperature or by employing Au or Ag as seeds.’
Chain like Ruthenium arrays with ~ 280 nm length have been synthesized by reducing the complex of Ru ions
with poly vinyl pyrrolidone (PVP) at 1 MPa H; and 353 K in aqueous media and were found to hydrogenate
phenol in aqueous media.'® The synthesis strategies developed till now for Ru nanoparticles are energy
intensive (in the form of temperature or pressure) and the morphology control at ambient or near ambient
conditions still remains a challenge. Here, in this chapter, a seed mediated synthesis strategy for the formation

of Ruthenium nanochains at mild temperatures (70 °C) and in aqueous medium is reported and their CO
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oxidation activity demonstrated and compared to Ru spheres of ~ 6 nm and ~ 3.5 nm size.
4.2. Experimental

4.2.1. Reagents

Ruthenium nitrosyl nitrate Ru(NO)(NO); 1.5 wt% w/V, Ruthenium chloride, Ruthenium acetyl acetonate
(Sigma Aldrich), Poly vinyl pyrrolidone, 1-4 butanediol, Cetyl trimethyl ammonium bromide (CTAB),
Ascorbic acid (AA), Sodium Borohydride (Spectrochem) were purchased and used as received. The water used
in all the experiments was ultrapure millipore water.

4.2.2. Synthesis of Ruthenium nanochains

Ruthenium nanochains were synthesised by a seed mediated procedure. In brief, for the formation of Ru
nanoseeds, 125 pL of 1.5 wt% w/V Ru(NO)(NO); solution was added to a beaker followed by 50 pL freshly
prepared ice cold 0.25 M sodium borohydride (NaBH,) solution. The solution turned black on adding NaBH,
solution. For the preparation of nanochains, a solution containing 4 mL of 22 mM CTAB, 300 pL of 0.1 M
Ascorbic acid (AA) and 50 pL of 1.5 wt% w/V Ru(NO)(NO); solution was made and kept at 70 °C. The seed
solution was completely added to the above solution and kept for 30 minutes under magnetic stirring. The black
colloidal solution formed was then left undisturbed at room temperature for 12 h.

4.2.3. Synthesis of supported Ruthenium nanochains

The supported catalysts were prepared by sol-immobilization (SI method) method by scaling up the synthesis to
obtain 5 mg of Ru metal in the final colloidal solution. The colloidal solution was centrifuged at 12000 rpm for
15 minutes and washed thoroughly with water. In brief, the residue containing approximately 5 mg of Ru metal
was made up to 3 mL with Millipore water and desired amount (170 mg) of support was added so as to obtain 3
wit% catalysts. The slurry obtained was stirred for 2 h and dried to remove water and calcined at 300 °C for 5 h.
4.2.4. Synthesis of Ruthenium nanospheres (~ 6 nm)

Ru nanoparticles (~ 6 nm) were synthesised by a reported polyol procedure as described by Somorjai and co-

workers.'? In a typical synthesis of 6 nm Ru NPs, 10 mM Ru(acac)s; and PVP (in terms of repeating unit) at a
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fixed Ru / PVP ratio of 1:10 were added to 20 mL of ethylene glycol (EG) in a 50 mL three-necked flask at
room temperature. The stock solution was heated to 80 °C at this temperature for 20 min to remove water and
oxygen under magnetic stirring. The solution was then heated to 180 °C and maintained at this temperature for
2 h under Ar. When the reaction was complete, an excess of acetone was poured into the solution at room
temperature to form a cloudy black suspension. This suspension was separated by centrifugation at 4200 rpm
for 6 min, and the black product was collected by discarding the colorless supernatant. The precipitated Ru NPs
were washed with acetone once, and were redispersed in ethanol.

4.2.5. Synthesis of Ru (2.8 nm) impregnated catalyst

In a typical synthesis as adopted,'” the appropriate amounts of RuCls-3H,0 were dissolved in deionized water
and appropriate amount of support added. The resultant slurry was aged at room temperature for 24 h and
stirred at regular intervals to retain uniformity. After evaporation at 373 K in water bath and drying at 378 K for
12 h, the samples were calcined at 673 K for 4 h. The catalyst was designated as Ru (2.8 nm) Imp.

4.2.6. Characterisation

Characterization of the catalysts was done by

X-ray Diffraction Analysis: Powder X-ray diffraction (XRD) was measured on a PANalytical X’pert Pro dual
goniometer diffractometer working under 40 kV and 30 mA. The Cu Ka (1.5414) radiati on was used with a
Ni filter.

UV-Visible Spectroscopy: Varian Cary 50 Conc UV-Vis spectrophotometer with a dual beam source was used
for the UV-Visible analysis.

Transmission Electron Microscopy (TEM): TEM images were recorded by FEI Tecnai TF-30 and TF-20
electron microscope, operating at 300 keV and 200 keV.

The Inductively coupled Plasmon analysis was done using Spectro Arcos ICP-OES.

The Dynamic Light Scattering experiments and zeta potential measurements were done with Brookhaven

Instruments Corporation-90 plus Nanoparticle size analyser equipped with a 632.8 nm laser source.
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4.2.7. Catalyst activity testing: CO oxidation

The catalytic activity of supported Ru nanostructures for CO oxidation was measured in a fixed bed reactor
under atmospheric pressure using 100 mg pelletized catalyst. The total flow rate was 50 ml/min with a ratio of
(1:5:19 CO: O2: N,) with a temperature range of 40 °C to 300 °C. The calculated GHSV was 30000 cm®/gcad/h.
The reactor was placed in a tubular furnace and temperature of the furnace was controlled by Radix 6400
temperature controller. The catalyst bed temperature was measured by a K-type thermocouple. The effluent
gases were analysed online by gas chromatograph equipped with online gas sampling valve and a TCD detector.

The activity was examined by looking at the CO conversion.

4.3. Results and Discussion

4.3.1. Transmission electron microscopy

a. Ruthenium seeds and nanochains
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Figure 4.1: TEM image showing a) Ru seeds of approximately 3.5 nm b) interconnected Ru nanoparticles

forming chains c) a magnified image and d) HRTEM image showing the lattice fringe with d value 0.21 nm
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where grooves are marked using arrows.

The TEM images of the as synthesised Ru seeds and Ru nanochains are shown in Figure.4.1. The as synthesised
Ruthenium seeds of size ~ 3.5 nm are shown in Figure 4.1a. In Figure 4.1b (low) and Figure 4.1c (high) Ru
nanochains at different magnifications is shown. It can be inferred that the small nanoparticles aggregates to
form interconnected networks whose length varies from few tens of nanometer to micron scale. The high
resolution TEM image shows a d spacing value of 0.21 nm which corresponds to the Ru (0002) lattice. The
presence of grooves which is marked by the arrows is shown in the Figure 4.1d. The continuity of the formed
nanochains and the presence of under coordinated edges are also clear from the high resolution TEM image

showed in Figure 4.2.
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Figure 4 2: TEM |mage showmg the under co-ordinated edges and the continuity of the Ru nanochains that are
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formed.

4.3.2. X-ray Diffraction and UV-Visible spectroscopy

Characteristic diffraction peaks from Ru nanochains gave major reflections of hcp at Ru (0002) and (1010)
which implies that the growth orientation is along these two axes {JCPDS 06-0663}. The seed did not show any

diffraction peaks this can be due to the small size of the nanoparticles as shown in Figure 4.3a. The UV-Visible
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spectrum in Figure 4.3b shows that these nanostructures were SPR inactive.
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Figure 4.3: a) The XRD reflections of as synthesised Ru nanoseeds (~ 3.5 nm) and hcp Ru nanochains and b)
The UV-Visible spectrum of Ru seed solution and Ru nanochains.

4.3.3. Dynamic Light scattering
The mechanism of the growth of nanoparticles to nanochains was studied using Dynamic Light Scattering

(DLS) experiments. The mean diameter of the particle in the growth solution on the addition of seed varied
from 68 nm (0 minutes) to 454 nm (2.5 h) indicating that the spontaneous formation of nanochains commenced
as soon as the seed solution was added to growth solution as shown in table 4.1 which shows the mean diameter
value measured at different time intervals. The stability of nanoparticle in solution is decided by the net charge
on the nanoparticle surface.’® The general rule for electrostatic stability is that the zeta potential should not be
less than 30 mV. The mean Zeta potential value obtained for the nanochains was 76 mV which shows the
electrostatic stability of the system. A positive zeta potential value also indicates positive charge on the
nanoparticle surface and can be attributed to the binding of CTA+ ion on Ru nanoparticle surface.”® The DLS
particle size measurements correlates well with that reported by Sampath and co-workers for the formation of Ir
and Os nanochains where a sudden increase in hydrodynamic size of the particles was attributed to the

formation of such structures.”*°
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Time Mean Diameter

(minutes) (nm)
0 68
30 102
60 127
90 253
120 262
150 454

Table 4.1: The table shows the variation of mean diameter of Ru nanochains with time as obtained from DLS
experiments.

4.3.4. Inductively coupled Plasma
The amount of metal loading was estimated using ICP analysis. The loading of metal in all the catalysts were ~
3 wit%.

4.3.5. Growth Mechanism of Ruthenium nanochains

In the present study, a seed mediated approach where small Ru seeds serve as the precursor for the synthesis of
Ru nanochains is reported. The first step in this synthesis is the formation of small Ruthenium nanoparticles
formed by the NaBH, reduction of Ru®* ions which serves as the seed. These seeds are then added to the growth
solution which contains surfactant and a weak reducing agent. The nanoparticles aggregate to form long
nanochains which show defective sites in the form of grooves or furrows which can act as active centres for
catalysis. Surfactant induced self assembly of nanoparticles to nanochains has been already reported.”>%* The
hydrophobic interaction and the steric hindrance between the added surfactant may play a role for the
aggregation of nanoparticles to form chains.*®% If there is a non-uniform distribution of surfactants on the
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nanoparticle surface a linear aggregate could be formed due to hydrophobic interactions of the CTAB. This was
further confirmed by a control experiment where without surfactant in the growth solution showed immediate
agglomeration and settling down of the particles. The schematic representation for the plausible mechanism of

formation of nanochains from Ru nanoseed is shown in Scheme 4.1.

®
® ®
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‘= %°
®_o - ®
S Nucleation ® Self assembly
Ru Clusters Ru Seed Ru Nanochains
. Ru nanoparticles W# ¢ CTA*Br AA-Ascorbic acid

Scheme.4.1: The schematic representation for the formation of Ru nanochains from Ru nanoseeds
4.3.6. Catalytic activity testing: CO oxidation
The performance of these nanochains as a catalyst for CO oxidation was investigated by supporting them on

ceria, titania and silica by sol-immobilisation (SI) method. These supports were chosen as the first two are
reducible supports which show strong metal support interactions (SMSI) while the third one is considered as an
inert support.** To compare the activity of Ru nanochains, the reactivity of Ru nanoseeds of approximately 3.5
nm used for making nanochains and ruthenium nanospheres of approximately 6 nm prepared by a reported
procedure was also tested.'? To test the role of the catalyst preparation method, Ru (2.8 nm) particle supported
on ceria was synthesised by wet impregnation method by utilizing a reported procedure and the reactivity was
compared with the rest of the catalysts.?> Before the reaction the supported catalysts were calcined at 300 °C for

5 h as a pre-treatment step to remove any surfactants which can hamper the activity. The metal loadings were
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approximately 3 wt% in all the catalysts as confirmed by Inductively Coupled Plasma (ICP) analysis.
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Figure 4.4: The CO oxidation activity profile for different Ru nanostructures supported on ceria by sol
immobilisation method. Ru (2.8 nm) (Imp) denote the impregnated catalyst. Tso and Tigo represent temperature
for 50% conversion and full conversion respectively. The metal loading is approximately 3 wt% in all the
catalysts.

The catalytic activity for the Ru nanostructures on ceria is summarized in Figure 4.4. It is evident that, Ru
nanochains are the most active with an onset temperature of 80 °C giving full conversion (T1go) at 140 °C with a
temperature for 50% conversion (Tsg) value of 127 °C. The CO oxidation on Ru nanoparticles is reported to
show size and crystal lattice dependency.*?® Also, previous literature shows that 6 nm Ru particles on silica
exhibit better catalytic activity for CO oxidation compared to smaller particles which are prone to bulk
oxidation faster.?” The results shown in Figure 4.4 where Ru (6 nm) spheres supported on ceria being
catalytically more active than Ru seeds of 3.5 nm supports the findings in literature. The performance of the
nanochain were also compared with the conventional Ru (2.8 nm) impregnated on ceria system. Here also, the
trends were as expected with smaller Ru (2.8 nm) (Imp) catalysts being marginally less active than sol
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immobilised Ru seeds (~ 3.5 nm) catalyst but their onset, Tso and Tio0o being well above 6 nm Ru spheres.

Overall the catalytic performances of these three nanoparticle systems were far below than that of Ru

nanochains.
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Figure 4.5: The CO oxidation activity profile for the Ru nanostructures supported on different supports a) TiO,
b) SiO,

To validate these important findings, the four sets of nanoparticles were supported on TiO, and SiO, and results
gave similar trend like that on CeO;, with Ru nanochains being the most active among the four as shown in
Figure 4.5. Among the supports the activity trend follow based on easily reducible nature of the oxides i.e. CeO,
> TiO, > SiO,. It is important to note that Ru (3.5 nm) seeds and Ru (2.8 nm) (Imp) particles supported on SiO,
did not reach full conversion even at 300 °C (80% conversion) whereas Ru nanochains on SiO, showed full
conversion at ~ 200 °C. Thus ruthenium nanochains offer a distinctly different and enhanced reactivity pattern
even on an inert support like silica. It is also worth mentioning that Ru nanochain system reported here showed
a remarkably lower Ty value (by 40 °C) as compared to the Ru nanoparticles (2 nm)/CeO, which showed a
full conversion at 180 °C as recently reported.?

4.3.7. Catalyst stability and time on stream experiments and spent catalyst analysis

Having demonstrated the superior catalytic activity of Ru nanochains, the stability of the catalyst was tested.

The catalyst Ru nanochains/CeO, was subjected to time on stream (TOS) study at 140 °C (full conversion
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temperature) for 8 h. The nanochains were found to be exceptionally stable under these conditions (See Figure

4.6).
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Figure 4.6: TOS of Ru Nanochains/CeQ; after first cycle at temperature of full conversion.
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Also the recyclability test done on nanochains did not show any variation up to four cycles demonstrating a

stable and sustainable catalytic activity. Such stable activity was observed for Ru nanochains supported on TiO,

also as shown in Figure 4.7.
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Figure 4.7: 1) Stability of the Ru nanochains/CeO; and I1) Ru nanochains/TiO, catalyst for four cycles.
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The catalytic stability test for Ru spheres (~ 6 nm) supported on TiO;, was also done and the results showed a
clear contrast from that of nanochains. The onset and temperature of full conversion of Ru spheres (~ 6
nm)/TiO, were found to shift to higher temperatures during each cycle reaching a value of 170 °C and 220 °C

from 140 °C and 170 °C as shown in Figure 4.8.
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Figure 4.8: The CO oxidation plot for Ru spheres (~ 6 nm)/TiO;) upto three cycles of CO oxidation.

To understand this slump in activity the electron microscopy of the spent Ru spheres (~ 6 nm)/TiO,, catalyst was
carried out. From the TEM image (Figure 4.9) the particle size obtained was ~ 15 nm which indicated a clear
case of sintering. Sintering of nanoparticles is major cause of catalyst deactivation.”® On the other hand the
spent supported Ru nanochain catalysts showed intact interconnected chain morphology even after four cycles
of CO oxidation and the inset shows the F,4 vibarational mode of the cubic fluorite ceria. Such interconnected
extended nanochain structures are not susceptible to sintering and can be active towards a chemical reaction due

to the abundance of under coordinated sites.*%3!
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Figure 4.9: The TEM image a) showing the morphology of the spent catalyst supported on ceria, the inset shows
the Fyq vibrational mode of the cubic fluorite CeO, and b) the spent catalyst which shows the increase in particle

size after reaction.

4.4. Conclusions

In summary, Ru nanochain was synthesized in aqueous medium and at relatively mild conditions with CTAB as
the capping agent using a seed mediated protocol. DLS measurements clearly showed spontaneous evolution of
Ru seeds to nanochains. A surfactant induced self assembly is proposed to be the mechanism for nanochain
formation. On three different supports studied, the Ru nanochains were found to show enhanced catalytic
activity towards CO oxidation when compared to Ru nano seeds (~ 3.5 nm) and Ru spheres (~ 6 nm). Thus Ru
nanochains exhibited best properties from two world’s viz high percentage of under coordinated atoms from

“nano” and stability from the “micro” regimes.
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Chapter-5

Summary and Conclusions
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The elucidation of active sites is attempted on model nanoparticle surfaces. The choice of nanoparticles
with specific morphology helps to bridge the material gap between the real world catalysts and UHV single
crystal surfaces extensively employed for structure versus activity correlations. In this thesis an attempt for the
determination of active sites in heterogeneous catalysis has been made. Inspired from single crystal and
theoretical studies, which showed that stepped surfaces have different chemical reactivity relative to flat
surfaces, attempts were adopted to synthesize metal nanoparticles with specific structure and which exposes
sites of under coordination. The nanoparticles synthesized were trisoctahedral Au using a reported method
which exposes {331}/{221} facets which carries {110} step atoms, Pd concave cubes and nanoflowers which is
bound by {310} and {311} high index facets, and Ru nanochains which were found to have grooves and
corrugated surfaces. The structure activity correlations were made using these nanoparticles on reactions which
are metal specific. These structured nanoparticles were more active when compared to their low index
counterparts. The thesis opens up some preliminary observations for the explanation of the hypothesis of active
sites on nanoparticle surfaces.

Chapter-1: The chapter gives an introduction to nanocatalysis, morphologically controlled nanoparticles,
surface structure, low index and high index facets, structure-sensitivity or facet dependent chemical activity on
single crystal surfaces by UHV surface science studies and on different nanoparticles surfaces viz low index and
high index structures and theoretical background for structure sensitivity. This chapter also discusses the
analytical methods for the characterization of catalyst and tools used for analyzing a chemical reaction.

Chapter-2: This chapter deals with oxidation catalysis by large trioctahedral Au nanoparticles, wherein the role
of step atoms, interfaces and confinement effects have been probed. To understand the origin of catalysis by
gold and to probe the role of defects and interfaces, CO oxidation were carried out on supported trisoctahedral
gold nanoparticles and on the inverse catalyst system. The sizes of these particles which are between 45 nm and
110 nm, are well beyond the quantum size regime and well above the optimum size range where gold is
considered to be catalytically active. The periodic steps sites in contact with oxide support interface were able to

promote the reaction. In the later part, the effect of confining these structured nanoparticles inside porous silica
122




was probed. As envisaged, a synthesis strategy is reported for encapsulating high index faceted trisoctahedral
Au nanoparticles inside porous silica to preserve nanoparticle size by preventing sintering. Further, to probe the
role of interfaces an active metal oxide junction was created by decorating trisoctahedral (TOH) Au
nanoparticle with nano oxides before silica encapsulation. The activity of these catalysts was tested for CO
oxidation reaction. The reaction was found to be facile on these encapsulated large structured Au nanoparticles
showing appreciable activity at room temperature compared to non encapsulated counter parts. Apart from
preventing sintering, the improved activity is demonstrated due to the retention of morphology and thereby the
active centers due to encapsulation.

Chapter-3: This chapter describes the synthesis of high index faceted Pd concave cubes and nanoflowers using
a seed mediated procedure at room temperature and in aqueous medium. The systematic evolution of a spherical
seed to cube and then to concave cubes and nanoflowers were achieved by changing the surfactants used in the
synthesis. A growth mechanism was proposed for the same. The structure sensitive chemical activity by these
Pd nanostructures was proved for coupling and CO oxidation reaction. It was observed that these high index
faceted nanostructures were found to be more active when compared to their low index counterparts. This
enhanced activity can be attributed to the presence of large number of under coordinated atoms on high index
faceted nanostructures. Moreover we observed that larger nanoparticles were thermally stable under CO
oxidation conditions which make it more efficient relative to smaller nanoparticles.

Chapter-4: This chapter explains a surfactant assisted formation of Ru nanochains in aqueous medium and in
mild synthesis conditions. The highlight of this chapter is the synthesis as the methods adopted till now for the
making of hcp Ru crystals with morphology control has been energy intensive. These nanochains were
synthesized using a seed mediated protocol where spherical nanoparticles serve as the seeds; a surfactant
assisted self assembly of such seeds to form chain like morphology has been proposed. A detailed TEM analysis
showed these nanostructures to expose corrugations and grooves which may be bound by atoms of under co-

ordinations. This was proved by reactivity studies where supported Ru nanostructures were found to catalyse
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CO oxidation reaction with a lower onset temperature and full conversion temperature when compared to

spherical particles of ~ 3.5 nm and 6 nm and conventional impregnated catalyst.
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Appendix

1. Calculation of turn over Frequency for Suzuki and Heck Coupling reactions on Pd nanostrutures

The efficiency of the catalyst was evaluated by computing TOF, where TOF can be defined as the iodobenzene

conversion per surface Pd atom per second as described in the literature.

Calculation of the total number of Pd atoms in a Pd nanocube enclosed by {100} facets, and the total number of

Pd atoms on the surface
1. Conventional nanocubes enclosed by {100} facets

a. Number of Pd atoms in a nanocube

The edge length of a Pd nanocube is approximately 31 nm. Its volume is (31 nm)® = 2.97 x 10* nm®. Pd
occupies a face centered cubic structure with a lattice constant of 0.389 nm. The volume of a unit cell is (0.389
nm)® = 0.059 nm®, Each unit cell contains four Pd atoms.

Therefore the total number of Pd atoms in a single Pd nanocube is (2.97 x 10* nm*/0.059 nm®) x 4 = 2.01 x 10°
nm?

b. Number of Pd atoms on the surface of a nanocube

A Pd nanocube has 6 {100} facets. The total surface area is (31 nm)® x 6 = 5.76 x 10° nm?. Each two-
dimensional unit cell on the {100} facets contains two Pd atoms, and the area of this unit cell is (0.39 nm)? =
0.15 nm* The total number of Pd atoms on the surface of a single nanocube is (5.76 x 10° nm?/ 0.15 nm?) x 2 =
0.76 x 10°.

c. Total number of Pd atoms on the surface of nanocubes used in the reaction

The total number of Pd atoms in the catalyst is (10 g) / (106.42 g/mol) x (6.02 x 10%* g/mol)
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= 5.66 x 10" The number of Pd nanocubes involved in the catalytic reaction is (5.66 x 10'") / (2.01 x 10°) =
2.78 x 10™. The total number of Pd atoms on the surface of Pd nanocubes used in the catalytic reaction is 2.78 x
10" x 0.76 x 10°= 2.11 x 10" Pd atoms

2.11 x 10" Pd atoms = 0.35 x 10™*m moles of Pd,

TOF can be calculated using this value.

TOF= %. Conversion x mol (substrate) / mol (catalyst) x time (sec), For example
For Palladium Nanocube
TOF=48 x 1 mmol / 0.35 x 10™* mmoles X 3600 (sec)
=3.8x10°s"
2. Concave nanocubes enclosed by {310} facets

a. Volume of a single concave nanocube {Pd concave cube (~ 23 nm)

The Pd concave nanocube has an average edge length of 23 nm

The volume of a cube = (23 nm)*=1.21 x 10* nm®

The volume of a square pyramid is 1/3 a? h, = 1/3 x (23 nm)? x 1/3 x 23/2 = 0.675 x 10° nm® (here h = edge
length /2 and 1/3 term comes from {310} step atom density.

The volume of a concave nanocube is (1.21 x 10* nm*- 6 x 0.675 x 10°nm®) = 0.805 x 10* nm®.

The number of Pd atoms in a single Pd concave nanocube = (0.805 x 10° nm® 0.0589) x 4 = 5.4 x 10°

b. Number of Pd atoms on the surface of a concave nanocube (~ 23 nm)

The atomic density of {310} planes is 1/3of that of {100} planes. Considering a cube of 23

nm in edge length, the total surface area of the cube is 6a’= (23 nm)®x 6 = 3.17 x 10 nm?.

The total number of Pd atoms on the {310} facets of a single concave nanocube = total surface area of the
nanocube/surface area of single fcc Pd lattice x 2 x 1/3

(3.17 x 10°nm?/0.151) x 2 x 1/3=1.39 x 10* Pd atoms
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c. Number of surface Pd atoms/particle/volume of the concave nanocube

For a 23 nm concave nanocube the number of surface Pd atoms/particle/volume of the concave nanocube = 1.39
x 10%/0.805 x 10* nm* = 1.72 Pd atoms /nm*

d. Total number of Pd atoms on the surface of concave nanocubes in the reaction

The total number of Pd atoms in the catalytic reaction is 5.66 x 10*’. The number of Pd

concave nanocubes in the catalytic reaction is calculated as follows:

The total number of Pd atoms in 0.1 mg of the catalyst = (10™ g/106.42 g/mol (molar mass of Pd)) x 6.02 x 10
g/mol = 5.66 x 10*' Pd atoms.

Total number of Pd concave nanocubes involved in the catalytic reaction = 5.66 x 10'” Pd atoms /5.4 x 10° =
1.04 x 10"

The total number of Pd atoms on the surface of concave nanocubes in the catalytic reaction is Total number of
Pd concave nanocubes x No of surface Pd atoms in a single concave nanocube = 1.04 x 10%% x 1.39 x 10*=1.44
x 10'® Pd atoms = 0.239 x 10 mmoles.

By this value TOF can be calculated as mentioned above.

95 x 1 mmol /0.239 x 10*mmoles x 3600 s = 11 x 10°s™

3. Calculation for the Number of step atoms for Palladium concave nanocube of edge length 23 nm
Edge length=23 nm

Pd-Pd bond distance=0.27 nm

No. of Palladium atoms along the edge=23/0.27 nm=85 atoms

{310} facets consist of 3 atom wide {100} terrace followed by monoatomic {111} step.

So no. of step atoms along a edge of length 23 nm=21step atoms

Each face of the concave cube has 4 edges and there are total of 6 faces
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So the number of step atoms along the edges on the face of the concave nanocube per particle =21 x 4 X 6 =

504
Conversion® TOF Conversion® TOF
Catalyst
(%) ") (%) ")
Pd Concave cube (23
95 22.5 76 18
nm)
Pd Concave cube (37
96 22.7 80 18.9
nm)
Pd Concave cube (47
97 23 84 19.9
nm)
Pd nano Flower
(100 nm) 99 23.5 85 20.1
a — Suzuki Coupling
b — Heck Coupling

Table 3.2.: Table showing the % conversion and TOF value taking the whole Pd catalyst into account: for
Suzuki coupling and Heck coupling done with different palladium catalysts.

The amount of Pd in 10 mM H,PdCl, solution is 0.106 g of Pd in 100 mL,The amount added for synthesising
nanoflowers and Concave nanocubes is about 125 puL which contains around 0.125 mg of Pd if complete
seperation can be achieved.

The calculated amount of Pd after the final growth step in our catalyst is around 0.125 mg, if complete
separation is achieved.This was then dispersed in ethanol to make it reactant miscible to 100 puL and was added

to reactant mixture.
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So amount of Pd is 0.125 mg which is used for reaction
1 mole of Pd =106 ¢
0.125 mg of Palladium = 1 X 0.125/106 x 1000
=11.7 x 10"moles = 11.7 x 10 mmoles.
So in case of Pd nanoflowers, for Suzuki reaction, TOF = 99 x 1 mmol/11.7 x 10™ mmol x 3600 (sec) = 23.5 s
2) CO oxidation
Calculation of Turnover frequency of Pd nanostructures
Calculation of total number of surface Pd atoms in the reaction for a concave cube

1. Volume of a single Pd concave nanocube (37 nm)

The Pd concave nanocube has an average edge length of 37 nm

The volume of a cube = (37 nm)* = 5.06 x 10* nm®

The volume of a square pyramid is 1/3 a® h, = 1/3 x (37 nm)? x 1/3 x 37/2 = 2.81 x10° nm® (here h = edge
length /2 and 1/3 term comes from {310} step atom density).

The volume of a concave nanocube is (5.06 x 10* nm*- 6 x 2.81 x 10° nm®) = 3.38 x 10* nm®.

The number of Pd atoms in a single Pd concave nanocube = (3.38 x 10* nm*/0.0589) x 4 = 22.9 x 10° Pd atoms
(lattice parameter of Pd is 0.388 nm).

2. Number of Pd atoms on the surface of a concave nanocube

The atomic density of {310} planes is 1/3of that of {110} planes. Considering a cube of 37 nm in edge length,
the total surface area of the cube is 6a° = (37 nm)? x 6 = 8.21 x 10° nm?.

The total number of Pd atoms on the {310} facets of a single concave nanocube = total surface area of the
nanocube/surface area of single fcc Pd lattice x 2 x 1/3

(8.21 x 10°nm?/0.151) x 2 x 1/3 = 3.62 x 10* Pd atoms
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3. Total number of Pd atoms on the surface of concave nanocubes in the reaction

The total number of Pd atoms in the catalytic reaction is 5.66 x 10®. The number of Pd Concave nanocubes in
the catalytic reaction is calculated as follows:

The total number of Pd atoms in 100 mg of the catalyst with 1 wt% Pd loading = (10" g/106.42 g/mol (molar
mass of Pd)) x 6.02 x 102 g/mol = 5.66 x 10'® Pd atoms.

Total number of Pd concave nanocubes involved in the catalytic reaction = 5.66 x 10*® Pd atoms /22.9 x 10° =
0.24 x 10"

The total number of Pd atoms on the surface of concave nanocubes in the catalytic reaction = Total number of
Pd concave nanocubes x No of surface Pd atoms in a single concave nanocube = 0.24 x 10 x 3.62 x 10* = 0.84
x 10*® Pd atoms = 0.116 x 10" mmoles.

Similarly for a cube and spherical particles the total number of surface Pd atoms can be calculated taking
morphological factors into account.

The volume% of CO in gas feed is approximately 4 mL which corresponds to 0.178 mmoles.The ramping rate
of the temperature is 2°/min and the reaction is kept at a particular temperature for 10 mins before injection to

GC. So the reaction time is 10 mins = 600 secs

TOF @a particular temperature can be calculated

For example,

TOF @ 473 K for Pd concave cube (47 nm)/MgO can be calculated as follows

At 473 K, % conversion = 100%

Therefore TOF = 1 X 0.178 mmoles C0/0.116 x 10" mmoles of surface Pd atoms x 600 s

=2555"
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Similarly the TOF for cubes and spherical particles of similar size can be calculated taking their morphology

into account.
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