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Abstract

In this study, monometallic and a series of bimetallic nanoparticles, composed of Au, Ag and
Pd supported on different types of metal oxides (e.g. TiO2, CuO and NiO) have been
synthesised via a sol-immobilization approach using PVA and NaBH4 as capping and reducing
agents, respectively. The activity of these supported nanoparticles has been evaluated towards
the reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP), as a model reaction. The effect
of using different reducing agents (such as NaBH4, formic acid and hydrous hydrazine) was
also studied. The reaction parameters were also optimised under kinetic regime control. The
catalysts showed promising activity towards the reduction of 4-NP to 4-AP with the highest
activity and re-usability (up to 5 cycles) observed for the bimetallic AgPd supported alloyed
nanoparticles particularly with an optimum molar ratio of Ag:Pd = 25:75.

The successful synthesis of the targeted active components together with the structure-activity
correlations have been probed by using different bulk and surface characterization techniques
including; powder x-ray diffraction (XRD), MP-AES, X-ray photoelectron spectroscopy
(XPS), scanning electron microscopy (SEM), transmission electron microscopy (TEM),
HAADF-STEM, and Sget surface area measurements. The results clearly demonstrated the
successful preparation of mono- and bimetallic supported heterogenous systems via sol-
immobilization route with high distribution and confinement of the supported nanoparticles
onto the supports as evidenced by TEM and XRD analysis. Amongst all heterogenous systems,
bimetallic Ago.25Pdo.7s/TiO2 and AuosPdos/TiO2 catalysts showed the highest activity over
other molar ratios. The results clearly proved that the observed activity of the supported
nanoparticles is mainly depending on the degree of metal-metal interactions together with the
strong metal-support interactions as well as the small particle sizes offered by the sol-
immobilization method. This would help and facilitate the electron transfer from metal-to-
metal at the metal/metal interfaces and hence the promote the synergistic effect between the

two metals which eventually ended with an acceleration for the reaction.
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Chapter 1 Introduction

1.1. Introduction

1.1.1. History of catalysis

The conversion of alcohol to ether catalysed by sulphuric acid in 1552 by Valerius Cordus who
the first recorded instance of an inorganic catalysis reaction [1]. Over two centuries later, in
1781, Antoine Augustin Parmentier recorded that when potato starch was added to distilled
water and cream of tartar (potassium hydrogen tartrate), a sweet taste developed over several
months and this was more accentuated if vinegar (ethanoic acid) had also been added [2].
However, Fulhame in 1794 described the underlying fundamental concepts of catalysis, when
he discovered that, although water was required for the oxidation of carbon monoxide, the
water itself was not consumed by the chemical reaction [1,2]. Similarly, in 1812, Gottlieb
Kirchoff, a Russian chemist, found that acids assisted starch hydrolysis without being used up
in the process themselves [3]. In 1817, Sir Humphrey Davy noted that an explosion could
result at lower than combustion temperatures if oxygen was combined with flammable gases
and this mixture passed over platinum [4]. In 1818, Thendard demonstrated that whilst
hydrogen peroxide decomposes in aqueous solution, it can be stabilised by the addition of acid.
In 1820, Edmund Davy investigated the part played by noble metals in alcohol oxidation which
was observed to occur quickly over platinum exposed to air [5]. Two years later in 1822,
Dobereiner, corroborated Edmund Davy’s findings by recording the combustion of 0xygen and
hydrogen over platinum at room temperature. Subsequently, Dulong and Thenard discovered
that the reactivity of oxygen and hydrogen is dependent upon the nature of the additional
substance employed when the tests are performed using substances other than platinum [1,3].
In 1825, Henry reported that some substances (such as hydrogen sulphide) have the ability to
inhibit hydrogen combustion; also noting that catalysts derived from platinum are not effective
for oxidation of carbon monoxide [6]. Turner showed how platinum-based catalysis function
in combining hydrogen and chlorine. This finding prompted Peregrine Phillips to develop the
original commercial catalytic methodology: the oxidation of sulphur dioxide over platinum-
based catalysts to produce sulphuric acid [7]. These crucial innovative benchmarks in the
history of catalysis led to the era of catalysis and many further investigations and

developments.



Chapter 1 Introduction

1.1.2. Catalysts defined

The expression ‘catalysis’ derives from the combination of the Greek words ‘kata’ meaning
‘down’ and ‘lyein’ meaning ‘loosen.’ J.J Berzelius applied the term ‘catalysis’ for the first
time in 1836 when reporting enhancements in the chemical reactions he was studying [3].
Berzelius defined a catalyst as a substance which enhances the rate of a chemical reaction
without being used up itself in the reaction [8]. Subsequently, more precise definitions have
been put forward as a consequence of improved comprehension of the catalytic process; for
example, G. C. Bond, defines a catalyst as “a substance that increases the rate at which a
chemical system approaches equilibrium, without being consumed in the process” [9].
Significantly, however, a catalyst does not alter the thermodynamics of the reaction, or the
equilibrium position, as the catalyst acts to promote both forward and reverse reactions,

increasing the reaction rate constants (ki and kz) [10], as outlined below:

k1
ka2

A

The rate constant (k) is given by the Arrhenius equation (Equation 1.1):
k=AxexpE/RD  (Equation 1.1)

where:

A represents the molecular collision frequency,

Ea represents the activation energy (KJ mol™),

R represents the gas constant (8.314 JK™* mol™) and

T represents the temperature in Kelvin (K)

The catalyst acts to lower the activation energy necessary for the reaction to occur, as depicted
in Figure 1.1. Here, the catalyst is not used in the reaction; consequently, it is not identified in
the final chemical equation, as it merely speeds up kinetically-favourable reactions. Hence,

catalysts are not able to catalyse a reaction, which is thermodynamically untenable [9].
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Figure 1.1 Diagram comparing the potential energy associated with un catalysed and catalysed
reactions.

1.2. Types of catalysis

Generally, catalysis can be classified into three types: (i) bio-catalysis; (ii) homogeneous
catalysis; and (iii) heterogeneous catalysis. These three types will be discussed in more detail
in the subsequent Sections. Typically, bio-catalysts, are viewed as natural, sensitive and
selective catalysts, involving rapid reactions, taking place under mild conditions.
Homogeneous catalysts exert their action whilst in the same phase as the other reaction
components, typically a liquid phase, whilst heterogeneous catalysts exert their action whilst

in a different phase to other components of the reaction mixture.

1.2.1. Bio-catalysis

Biocatalysts are typically enzymes, or naturally-occurring complex protein molecules, that
catalyse reactions within living cells. All proteins are fundamentally composed of amino acids,
linked together by peptide bonds, which determine an enzyme’s structure. A cleft in the
morphology of the protein molecule, surrounded by an array of amino acids, typically functions
as the active site of an enzyme. Figure 1.2 shows the way in which an enzyme binds to its
substrate in a reaction. Enzymes employ four different types of interaction to bind with their
substrates: electrostatic interactions; hydrogen bonding; van der Waals interactions; and

hydrophobic interactions [11,12].
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Enzymes are highly efficient catalysts and, due to the specific morphology of their active site,
they only catalyse specific reactions. Typically, an enzyme can complete around 1000 catalytic
cycles per second. Therefore, biocatalysts have great commercial significance, particularly in
the pharmaceutical and food industries., as they are utilised in the production of many drugs,
food additives, flavourings and fragrances [12]. Enzymes offer additional benefits as they can
be applied beyond the biological systems, to function as isolated compounds, capable of acting
outside the living cell in both aqueous and organic solvents. However, during reactions care
must be taken as enzymes are often heat sensitive. Heating can destroy an enzyme by
denaturing the weak bonds, which maintain their functional shape — source of the enzyme’s
active site [12,13].

Substrate Products

/C

. . b ./':I
Active site.

Enzyme Enzyme-substrate Enzyme
complex

Figure 1.2 Depiction of enzyme substrate binding.

1.2.2. Homogeneous catalysis

In homogeneous catalysis, the catalyst and the reactant are present in the same phase, for
example, in the gaseous phase for catalysis of 0zone destruction by chlorine radicals [11]. The
primary benefit of homogeneous catalysis is that all of the catalyst’s active sites are available
to the reactant, and therefore greater activity can be achieved. One drawback of homogeneous
catalysis is associated with the potential difficulty and high cost of separating the catalysts from
the reaction mixture; consequently, some homogeneous -catalytic processes are not

commercially feasible [14].
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1.2.3. Heterogeneous catalysis

In heterogeneous catalysis, the catalyst exists in a phase different to the reaction mixture. The
catalytic reaction occurs at the interface between the reaction mixture and the catalyst surface,
on which the reactants are temporarily adsorbed. Transient bonds link the reactant molecules
with the catalyst surface at the active site where the desired reaction takes place. The reaction
product then desorbs from the catalyst surface due to the weakness of the transient bond
linkages. Catalytic oxidation of carbon monoxide represents an example of heterogeneous
catalysis, as depicted in Figure 1.3 [11]. Since catalyst metals (such as platinum and gold) are
often expensive materials, it is commercially advantageous to employ the catalysts as
nanometer-sized particles, with the nanometal being supported on the surface of an inert
material or metal oxide (such as TiO2), with the desired reaction occurring on the catalyst
superficial surface. Therefore, the design of a highly active, selective and stable heterogeneous
catalytic systems represents an important challenge associated with an area of intense academic
research. Furthermore, heterogeneous catalysts have a wide commercial application in the
production of inorganic chemicals, petrochemically-derived compounds and, also more
recently for novel ‘green’ applications [15,16], such as fuel cells [17,18] and biotechnology
[19-21]. Table 1.1 highlights some major industrial applications of heterogeneous catalytic
processes [11,12,22].
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Figure 1.3 Reaction cycle and potential energy diagram for the catalytic oxidation of carbon
monoxide (CO) by oxygen (O2) [11].
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Table 1.1 Largest processes based on heterogeneous catalysis.

Reaction Catalyst

Catalytic cracking of crude oil Zeolites
Hydrogenation of vegetable oils Ni

Reduction of NOx (in exhaust) Rh, vanadium oxide
Manufacture of sulfuric acid V205

Methanation Ni

Oxidation of CO & hydrocarbons (car exhaust)  Pt, Pd

Acrylonitrile from propylene and ammonia Bi—Mo, Fe—Sb (oxides)
Ammonia oxidation to NO and HNO3 Pt-Rh

Ammonia synthesis Fe

Water-gas shift reaction Fe (oxide) Cu-ZnO

Ethylene epoxidation to ethylene oxide Ag

Steam reforming of methane to CO & H> Ni

Hydrotreating of crude oil Co-Mo, Ni-Mo, Ni-W (sulfidic form)
Vinyl chloride C>HsCl) Cu (as chloride)
Alkylation H>S0O4, HF, solid acids
Reforming of naphtha to gasoline Pt, Pt-Re, Pt-Ir

1.3. Nanoparticle catalysts

1.3.1. Monometallic nanoparticle catalysts

Monometallic nanoparticles (MNPs) are comprised of only a single metal species, which is
responsible for the catalytic characteristics of the nanoparticle. MNPs come in a variety of
forms depending on the properties - magnetic, metallic or transition metal nature, etc. — of the
metal atom present. MNPs can be produced by a variety of methods, with the chemical

production technique still the most important methodology.

Over the last few decades there has been an increased interest in the field of metallic
nanoparticles because of their improved physico-chemical characteristics. Noble metal MNPs
particularly represent an efficient catalyst for all redox reactions, which are employed within
many manufacturing processes, such as the production of chemical and pharmaceuticals
intermediates, as well as the transformation of waste by-products into usable compounds.

MNPs utilised in these processes include Pt, Pd, Ag or Au.

For a long time, bulk gold (Au) for use in catalysis was found inert, or at least very inactive
compared to other metals until it was used in nano form. In 1973, Bond et al., reported that
supported nanoparticles of Au based catalysts were actually helpful in the hydrogenation of
olefins [23]. Over ten years later, in the mid-1980’s, Haruta et al., and Hutchings all

simultaneously discovered the excellent catalytic activity demonstrated by Au when dispersed
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as small nanoparticles [24,25]. These reactions were the breakthrough for Au catalysis, paving
the way for the study of Au in many other catalytic applications over the last 30 years, as well
as the developments in catalyst design to optimize performance. Au catalysts now have shown
catalytic activity in a range of applications, including: chemical industrial processes [26];
environmental control for fuel cells [27]; CO oxidation at low temperatures [28]; in fuel cells
and development of cleaner car exhaust fumes [29,30]. Major applications of the use of gold
as a catalyst can be found in the generation of hydrogen peroxide; oxidation of alcohols;
oxidation of hydrocarbons; hydrogenation of alkynes [26] and hydrogenation of 4-NP [31].

In addition to Au nano-particle, several chemical reactions are also executed using Pd as the
active catalysis phase. Pd catalysts are formulated on unsupported Pd nanoparticles, which are
protected by dendrites or polymer stabilizers. However, to improve its stability and resistance

to morphological changes, Pd nanoparticles are often immobilized onto a support material.

For the past 40 years, palladium catalysts have played a significant role in organic
transformation reactions and are acknowledged for their use in the generation of carbon-carbon
bonds: for example, the Suzuki reaction, involves coupling aryl boronic acids to aryl halides.
Another well-known industrial reaction catalyzed by Pd based catalysts is the Heck reaction,
which involves the coupling of aryl halides to alkenes [32]. Furthermore, Pd nanoparticles also
play an active role in hydrogenation reactions, such as hydrogenation of nitrophenol to

aminophenol [33].

Silver (Ag) is another metal, which is one of the most intensively investigated nanoparticles
because it represents a material with key technical applications [34]. Silver displays unique
characteristic normally attributed to noble metals, with high conductivity, chemical stability
and activity and other characteristics that can be controlled by the nanoparticles’ size, size
distribution and their shape, with an acceptable production cost. Therefore, there is currently
much interest in developing a novel process to produce tailored supported nanoparticles. Ag
nanoparticles are subject of intensive study with respect to the industrial production of both
ethylene and propylene oxide, both of which are synthesized by direct epoxidation of their
corresponding alkene, using molecular oxygen over supported Ag catalysts. Furthermore,
silver nanoparticles have been widely applied for employment in a variety of redox processes
involving functional groupings, e.g. the reduction of nitroaromatics [35-37] and carbonyl

compounds [38].
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1.3.2. Bimetallic nanoparticle catalysts

Bimetallic nanoparticles (NPs) usually contain two metals within one catalyst system.
Bimetallic NPs are often applied in catalysis to increase the catalytic efficiency of bimetallic
catalyst systems to meet the global demand on noble metals [39-41] and to enhance the
characteristics of metal NPs catalyst [29,40,42,43]. Bimetallic catalysts using common metals
such as; Au, Pd, Ag or Pt and a 3d transition metals such as Fe, Co, Ni or Cu [44,45] are widely
used for different catalytic applications. Combining Au and Pd, or Au and Pt, is frequently
undertaken to ensure highly active NPs catalysts result. Interestingly, catalyst comprises of two
metals would lead to a synergistic effect between the metals which generates a more highly
efficient and selective catalyst than their monometallic analogous. The enhanced efficiency of
bimetallic NPs is frequently correlated with the electronic interactions which take place
between the two metals at the metal/metal interfaces. One metal will attract electrons from the
active species, thereby altering its d-electron density and promoting efficient catalysis.
Altering the characteristics of the electron orbitals will also change the interatomic distances
between the metal atoms [39], which is important in promoting catalytic efficiency, leading to

improved catalysis compared to that achievable with MNPs.

Bimetallic catalysts have been intensively investigated and results demonstrated its unique
catalytic activity for a wide range of reactions including; hydrogenation of 4-chlorophenol [46],
H>0> generation [39], the Suzuki coupling reaction, alcoholic oxidation to aldehydes [47], CO
oxidation[47] and the reduction of nitro-organics [44]. Such unique activity is not limited only
to the number of metals in the system (i.e. mono- or bimetallic system), however, there are
several factors which play important roles to improve the bimetallic system. Particle size,
morphology, composition, surface area and porosity etc., are also found to be important
parameters influencing catalytic properties of bimetallic catalysts in a variety of reactions [46].
Figure 1.4 illustrates a summary of the properties that could potentially influence the catalytic

properties of bimetallic catalysts.

According to the literature, three common morphologies of bimetallic NPs include; random
alloy; cluster in cluster, and core-shell (see Figure 1.5). Random alloy NPs comprise two
metals which are randomly dispersed throughout the NPs. The cluster in cluster NPs comprise
clusters of each metal dispersed throughout the NPs. Core-shell NPs comprise a core of one

metal species with a surrounding shell of the second metal [48].
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Figure 1.4 Factors affecting the catalytic features of bimetallic catalysts for different catalytic
applications.

Random Alloy Cluster in Cluster Core-Shell

Figure 1.5 Common bimetallic NPs morphologies.

In recent years, growing attention has been paid to bimetallic catalysts (e.g. AuPd NPs). For

instance, Hutchings et al., [39] showed the significant influence of the presence of bimetallic

AuPd catalyst supported on alumina for the formation of hydrogen peroxide. They
demonstrated that a supported AuPd catalyst generates significantly more hydrogen peroxide
compared to its monometallic system which attributed to a synergistic effect between Au and
Pd. In addition, Bawaked et al., [46] investigated the solvent-free oxidation of crotyl alcohol
utilizing AuPd in a variety of ratios, between Au and Pd, on a graphite support. They found
that Au alone had low activity, however, the crotyl alcohol activity was significantly obtained

using the bimetallic catalyst. Enache et al., [46] also studied the impact of bimetallic AuPd on
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a TiOz support generated from the impregnation method, finding that this catalyst appears to
have greater activity than both Au/TiO2 and Pd/TiO- catalysts. Furthermore, Albonetti, S. et
al., [50] produced bimetallic catalysts, AuCu and AuPd, in order to catalyse the reduction of
4-NP in the presence of sodium borohydride. They reported that the activity of the bimetallic
AuPd catalyst was higher than that achieved by the bimetallic AuCu catalyst when operating
under identical conditions. The synergistic effect was observed to be extremely robust with
the AuPd catalyst which demonstrated a 93% higher activity relative to a gold monometallic
catalyst; whilst the AuCu bimetallic catalyst activity only increased by 10%. This highlights
that the nature of the second metal plays a significant role on enhancement the catalytic
efficiencies in bimetallic catalysis. Prati et al., discovered that AuPd NPs had around 4.5 times
greater activity, in the selective oxidation of glycerol to glyceric acid, than monometallic
analogous [51]. This led them to conclude that the increased activity and stability is a

consequence of the altered morphology of the catalyst comprised of two metals.

1.4. Preparation of supported metal nanoparticle catalysts

Metal nanoparticles can be prepared via a variety of preparation techniques. Conventional
approaches typically employed are founded on impregnation and precipitation methodologies,
but the use of colloidal methods, particularly sol-immobilization method is increasingly
gaining attention because of the capability of this method to fine tune catalyst characteristics.
The following Sections will focus on the different preparation methods of supported
nanoparticles and their individual benefits and constraints.

1.4.1. Impregnation

Nanoparticles of varying dimensions are frequently produced via the impregnation method.
This technique requires ‘wetting’ of the solid support using a solution comprising the required
quantity of metal precursor (generally a metal salt). When the required metal is dissolved in a
volume of solvent equivalent to that of the total pore volume of the support (i.e. the incipient
wetness point), a thick paste-like substance is generated, with this technique being referred to
as ‘incipient wetness impregnation’. The solvent is subsequently removed by evaporation,
leaving an impregnated material, which can either be obtained in an oxidised state, or if
required, can be subsequently reduced. Regulation of metal nanoparticle’s morphology using
this approach remains tricky. The particle size of the resultant metal nanoparticles depends
upon three primary factors: the metal loading; the support’s surface area; and the annealing

atmosphere (post-treatment conditions). A low metal loading combined with a high surface
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area support promotes the generation of smaller particles with greater dispersion [52]. Intense
thermal treatments may be required to eliminated undesirable chlorine residues, and this can
subsequently result in a high degree of particle agglomeration, especially with respect to higher
metal loading catalysts [53]. A schematic representation of this preparation is presented in
Figure 1.6.

Support

Pdcl, nln HAuCl, High temperature
. Calcination
- 400 °C/4h
Dried at 90 °C -
— st < - <>:> -
. catalyst Supported

AuPd catalyst

Figure 1.6 Schematic representation of the impregnation method for preparing AuPd
supported nanoparticles.

1.4.2. Co-precipitation

The most popular technique to produce mixed-oxide catalysts is co-precipitation. It requires
the concomitant precipitation of the metal and support material by addition of an aqueous alkali
(such as NaOH, Na,COs or K>COs). Typically, this approach enables a robust interaction
between the metal and the supporting medium. A similar, but alternative technique, deposition-
precipitation, requires the addition of the metal precursor to an aqueous suspension of the
support medium prior to precipitating out the hydroxide by increasing the pH [54]. The surface
of the support particles plays the part of a nucleating agent, which increases bonding of the
active precursor to the support. The resulting hydroxide species can then be calcined and
reduced to produce the required final compound [55]. A schematic representation of this

preparation is presented in Figure 1.7.
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Figure 1.7 Schematic representation of the co-precipitation method for preparing metal
supported nanoparticles.

1.4.3. Sol-immobilisation

A colloid can be described as a mixture in which one substance is divided into minute insoluble
particles and is dispersed throughout a second substance. Essentially, the metal precursor,
commonly a salt, is reduced to zero valent metal in the presence of a stabilising agent. There
are two types of methods by which stabilising agents act to protect the metal from
agglomeration: electrostatic repulsion or steric inhibition (see Figure 1.8). In some cases,
molecules can function as both electrostatic and steric protectors. There are many different
molecules that can act as stabilising agents, including donor ligands, polymers and surfactants.
The sol-immobilization approach is in general deposing colloidal metal to a solid support
material, by lowering the pH to below the support’s isoelectronic point (i.e. point of zero charge
e.g. around pH = 6 for TiO2). This permits the charge interactions to take place between the
metal and the support surfaces. Crucially, the characteristics of the preformed metal
nanoparticles can be refined before they are immobilized onto the surface material, with a
variety of potential reaction conditions: metal concentration; stabilized ligand : metal molar or
weight ratio; type of reducing agent and concentration; choice of solvent; temperature; batch

versus continuous flow system; etc. [56].
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Figure 1.8 Schematic representation of steric and electrostatic stabilization.

polyvinyl alcohol (PVA) is a high molecular weight, long chain polymer which offers steric
protection to the colloidal metal. As it is extremely water soluble (solubility ~ 80 g/L), it can
be employed as a protecting agent in environmentally-friendly ‘green’ preparation rather than
using organic solvents. PVA was initially employed in this manner in 1996 by DiScipio [57]
and it has been further developed over the last two decades by Dimitratos and Prati, [58,59]
with successful application in the preparation of different supported metal nanoparticles
[60,61]. The action of the stabilising agent during the synthesis procedures has been the subject
of much research, which it has been shown that, at least for some liquid phase interactions, the
existence of polymers on the surface of the metal particles does not impede the interaction,
instead functioning to prevent metal nanoparticle conglomeration. Polymers are particularly
useful, as they not only offer the capability to produce bespoke characteristics for nanometal
particles, but they additionally promote the long-term stability of the nanoparticles whilst

catalytic reactions are taking place [62].
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Figure 1.9 Schematic representations of sol-immobilisation method of preparing
supported gold nanoparticles.

13



Chapter 1 Introduction

Polymers can be employed to encourage selective binding to crystal facets, to generate
nanoparticles in accordance to specific shape or surface site requirements [63,64]. A range of
reducing agents such as hydrogen, alcohols and hydrazine or boron hydride can be used, the
choice of which can influence the metal properties [61]. A schematic representation of this

preparation is presented in Figure 1.9.

1.5. Conventional catalyst support

The main purpose of utilising a catalytically active component in conjunction with an inert
support medium is to facilitate dispersal of an expensive catalyst ingredient, such as a precious
metal precursor (which typically only constitutes a very small fraction of the mixture), so that
optimum effective distribution and use of the metal can be achieved by the provision of a
larger active surface area, relative to a system involving only a bulk metal (e.g. a palladium
black) [65]. In addition, this approach facilitates stabilisation of the active component and
offers protection against particle growth [66]. Figure 1.10 shows how just the growth of small
particles alone can result in a reduced active surface area, but using the active component

applied on a support is able to stabilise the active surface area.

It is acknowledged that the characteristics of the support, such as reactivity, available surface
area and pore size distribution, etc. impacts the final metal particle size, charge and
morphology, generating specific active sites over the metal-support boundary [67]. Eventually,

this can lead to variations in the catalytic characteristics of the metal nanoparticle generated.
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Figure 1.10 Rapid growth of active particles with no support (top) and supported
thermostable active material (bottom).
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Consequently, significant research effort to identify the most suitable support medium is

needed to develop innovative catalysts.

1.6. Characteristics of support material

A catalyst support material are typically solids possessing a high surface area [68]. Table 1.2
lists requisite physicochemical parameters for a substance to be considered for use as a support

material.

Table 1.2 Physical and chemical properties of support materials [65].

Chemical properties Physical properties

Stable under reaction and regeneration conditions Optimised bulk density

High specific activity/selectivity High active surface area

Unreactive to unwanted reactions Mechanical strength

Protects the catalyst from sintering Optimises catalyst porosity

Minimises catalytic poisoning Optimises metal crystal and particle size

A variety of catalyst supports exist, the most popular being alumina, silica, titania, magnesia,
cupric oxide, nickel oxide, zeolites, silica-alumina and a range of carbon materials, such as
charcoal and activated carbon [65]. Table 1.3 outlines and compares the key characteristics of
some examples of typical catalyst supports. Support materials can be synthesized in a range of
morphologies[65], including spheres, granules, extrudates, cylinders and powders; the final
choice of which to use being dependent on the type of the reaction and the type of reactor to
be utilized [69].

Table 1.3 Characteristics of typical catalyst supports [69].

Support Properties Applications

surface area up to 1000 m%g™

Carbon unstable in oxide environment hydrogenation
Zeolites Highly deflqed pore system bifunctional catalysts
shape selective
Silica alumina  surface area up to 800 m2.g* dehydrogenation;
medium strong acid sites bifunctional catalysts
Al2Os3 surface area up to 400 m?.g*t catalyst for three-way
thermally stable converters; steam reforming
. surface area up to 150 m?.gt . . .
TiO; limited thermal stability selective catalytic reduction
MgO surface area up to 200 m2.gt steam reforming
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1.7. Significance of the support in heterogeneous catalysis

The identification of a suitable medium to provide physical support for metal catalysts is
currently an important area of research interest. The underlying concept is that, to ensure
optimal performance and minimal cost, the primary catalyst — active metal phase — should be
dispersed thinly over an appropriate support to provide stability of the metal nanoparticles
[70,71]. Furthermore, with porous characteristics, support materials offer a high dispersion of
nanoparticle catalyst and simplify electron transfer, both of which contribute to better catalytic
activities[72,72—74]. Nevertheless, the heterogeneous catalyst support may sometimes exert a
structural effect, brought about by textural and active phase-linked effect [74]. Therefore,
choice of support must retain its specific characteristics( such as surface area, porosity,
dispersion, activity, and selectivity, etc.) [72,75]. The pores size and morphology of the
selected support materials are crucial in enhancing the performance and stability of any
heterogeneous catalyst [76,77]. According to the literature, the support of the heterogeneous
catalyst can be active carbon [78], carbon nanofibers [79], zeolites [80], alumina [81] and metal
oxides such as TiO2 [82]. TiO2 is a recognized heterogeneous catalyst support that is broadly
utilized in fuel processing due to its tunable porous surface and distribution high thermal
stability, and mechanical strength [72,83]. Titanium dioxide (TiO>), also called titania, is a
popular support choice for metal nanoparticles in heterogeneous catalysis due to its robust
interaction with metal nanoparticles, excellent chemical and thermal stability, good mechanical
strength and non-toxic, non-corrosive characteristics amongst all relative to other metal oxide
support options. TiO2 supported metal catalysts are popular because of the high activity
exhibited by TiO2 nanoparticles for a variety of redox reactions at low temperatures and
pressures [84-90]. TiO2 can exist in one of three crystalline forms: anatase; rutile and brookite.
Brookite exists in an orthorhombic structure, and is rarely employed, being of no use for most
applications. The rutile variety offers the greatest thermal stability of all the three phases: at
temperatures greater than 600 °C, crystalline anatase and brookite undergo a phase transition,
transforming into the rutile phase [91,92]. Most studies concentrated on producing titania in a
variety of sizes and forms, e.g. thin films, powder, crystals, etc. [72]. TiO2, manufacturing
techniques typically require high temperatures to crystallize the amorphous material as one of
the three TiO2 phases, which leads to the production of larger particles and generally nonporous
materials [93,94].
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The TiO2 powder (Degussa, P25) is well known commercial material which is containing
anatase and rutile phases in the ratio of about 3:1 [95]. According to the literature, the
morphology study for Degussa, P25 by Transmission electron microscopy (TEM) showed that
the anatase and rutile particles separately form their agglomerates with average crystallize size
of 85 and 25 nm, respectively [96]. Degussa, P25 is widely used in many applications such as
solar energy storage, as catalyst in synthesis of organic compounds [95] and degradation of
organic contamination in gaseous phase and aqueous system. Furthermore, it is one of the best
TiO. photocatalysts and used frequently as a standard material in photocatalysis [96].

1.8. Reduction of 4-nitrophenol using supported nanoparticles

Nitrophenol can exist as one of three isomers (2-, 3- and 4-nitrophenol). 4-nitrophenol (4-NP)
is also known as p-nitrophenol (p-NP), as the nitro- group is attached to the aromatic ring
directly opposite to the hydroxyl group of the phenol molecule (i.e. in a para position). 4-NP
is found in industrial wastewater from dyes, pesticides and explosives and it represents both a
human health and environmental hazard as a consequence of its high solubility and toxicity
[33]. Exposure to 4-NP can cause damage to blood cells and the central nervous system. As a
result, it has been included on the list of priority pollutants by the EPA since 1976 [97]. In
recent years, increasing attention has been paid to 4-NP, due to increasing concerns about its
toxicity potential and negative impacts on the environment. Loos et al., analysed 35 selected
polar organic pollutants found in 122 water samples from 27 European rivers and found that
4-NP was one of the most ubiquitous river contaminants, detected in 97% of the samples, with
a maximum concentration of 3471 pgL™ (see Figure 1.11) [98]. Wennrich et al., studied 11
nitrophenols in groundwater samples obtained from the vicinity of a former ammunitions
factory in Germany. 4-NP was shown to be the second most concentrated nitrophenol, detected
at a level of 88 pgL™ [99]. The acceptable threshold concentration for 4-NP in surface water,
near industrial and urban areas, was set at 100 pgL™ in the Environmental Quality Standards
Directive produced by the European Commission in 2006 [100]. These investigations highlight
the requirement for the large-scale assessment of the environmental risks and relevant
remediation approaches, particularly with respect to agricultural and industrial effluents.
Therefore, there is a need to remove such chemicals from the industrial waste in order to keep
environment safe. There are several well-known methods for removal of 4-NP include
adsorption [101], photo-degradation [102] and electrochemical remediation [103]. However,

these methods involve significant costs or extensive treatment times, making their application
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unfeasible. One alternative approach is to facilitate the hydrogenation of 4-nitrophenol to

produce 4-aminophenol using a stable heterogeneous catalyst.

The organic compound, 4-aminophenol (4-AP) is the product resulting from reduction of 4-
NP, which has many useful applications. Typically, it is utilised as an intermediate product in
the pharmaceutical industry in the production of analgesic and antipyretic drugs, such as
paracetamol [104]. It also has application as a dye for wood staining treatments and in fur and
feather colourings. The traditional method to produce 4-AP is through the iron-acid reduction
of 4-NP or nitrobenzene. However, these approaches also result in the production of large
quantities of Fe-FeO sludge (1.2 kg/kg product) [105] giving rise to significant disposal
problems and environmental issues. An alternative approach could be to catalyse the
hydrogenation of nitrobenzene via noble metal catalysis and concentrated sulphuric acid, albeit
generating side products such as aniline and smaller amounts of other impurities [106]. In
summary, the direct hydrogenation of 4-NP to 4-AP using a stable heterogeneous catalyst in
the present of reducing reagent may offer a beneficial approach to remediate a variety of waste
pollutants and could also result in the production of valuable chemical by-products ( see Figure
1.12).
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Figure 1.11 Frequency of appearance of the contaminants in the samples of European Rivers
[98].

The free or immobilized nano-sized metal particles are used extensively in the reduction of 4-

NP and common transition metals that are used are Ag, Pt, Pd, Ni, Rh, Au in the forms of
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nanostructures [44,105,107]. This reduction reaction can be done by using sodium borohydride

as the chosen reducing reagent at room temperature and therefore at mild reaction conditions.

Sodium borohydride (NaBH4) is one of the most effective reducing agents for a variety of
esters, ketones and acid halides [108,109]. However, because of kinetic impedance deriving
from the potential difference between electron donor and acceptor molecules, sodium
borohydride possesses a poor reductive capability with respect to nitro-compounds [110].

OH

OH
i ¢ T
% S
NO, % $
2 £ H,
4- Nitrophenol - 4- Aminophenol

Figure 1.12 Direct reduction of 4-nitrophenol to 4-aminophenol by NaBHa4 over nanoparticles
(NPs).

A comparison of the redox potentials of 4-NP and NaBHj4 indicates that whilst a redox reaction
is theoretically thermodynamically feasible, it is kinetically restricted [111], which led Suzuki
et al., (1969) to develop the popular methodology for the reduction of 4-NP via application of
an innovative NaBHj transition metal salt system [112]. This concept shows how the
application of a transition metal to the solution can promote the reductive capabilities of NaBH4
by facilitating electron transfer from the NaBH4 to the 4-NP molecules. In 2002, Pal et al., and
Esumi et al., firstly employed the reduction reaction in the evaluation of the catalytic activity
of nano-sized metal particles. Since the potential of nano-sized metal particles lays between
the potentials of BH 4 ions and the nitroaromatics and serves as an electron relay, 4-Nitrophenol
can be effectively reduced into 4-aminophenol. They also drew attention to the importance of
size properties of metal catalysts and choice of reducing agent for the kinetics of reaction. In
the course of these studies it is proved that the reaction did not proceed by other mild reducing
agents such as hydrazine, molecular hydrogen and ascorbate anion even in the presence of
nano-sized (reduced) metal particles as it proceeds in the case of NaBH4 assisted reaction
[113,114]. Later, the reduction of 4-NP by NaBH, in the presence of a metal catalyst has

become one of the model reactions for evaluating the catalytic efficacy of noble metallic
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nanoparticles since it is easy to monitor the reaction Kinetics, and there are no by-products
[31,33,44,115]. The reduction reaction is shown in Scheme 1.1.

This reduction reaction can be accomplished by using NaBH3 as the reducing reagent at room
temperature (a common choice as a consequence of to its robust reducing capabilities);
however, other reducing agents, such as molecular Hz [106] , silyl hydrides [116] , hydrazine
hydrate [117] and formic acid [118] can also be employed. The application of reducing agents
such as NaBHj4, formic acid and hydrazine hydrate as a hydrogen source for the 4-NP reduction

is discussed in Chapter 5.

Scheme 1.1 Reduction of 4-NP using NaBH, [104].
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1.9. Thesis structure

This thesis contains six Chapters in total. Chapter 1 gives a brief introduction of catalysis
history and its types then focus on supported metal nanoparticles as powerful heterogeneous
catalysis for several reactions with more attention on nitrophenol reduction reaction. Objectives

of the present thesis are also highlighted.

In Chapter 2, catalysts preparation, experimental procedures, reaction setup, characterization
techniques are explained in detail with the theory behind each characterisation techniques used

in this work.

In Chapter 3, the preparation of Au/Pd nanoparticles catalysts supported on titanium dioxide
(TiO2) as monometallic and bimetallic using a sol-immobilization approach is reported. Deep
characterization methods are also used in order to understand the physical and chemical
properties for prepared catalysts. The catalytical performance of obtained catalysts are also
evaluated toward the reduction of 4-NP with NaBH4 as model reaction. The effect of the
reactions conditions (e.g. 4-nitrophenol, NaBHys, catalyst concentration, stirring rate and Au/Pd

molar ratio) are also optimized.

In Chapter 4, Mono- and bimetallic catalyst (Au:Pd, 1:1 molar ratio) supported on nickel and
copper oxides are synthesised. A comprehensive study of the influence of the nature of support
toward 4-nitrphenol reduction has been conducted. In addition, induction time with copper

oxide support is investigated.

In Chapter 5, a comparison study on the catalytic activities between AuPd and AgPd
nanoparticles supported on TiO2 were investigated toward 4-NP reduction reaction using three
different reducing agents. The generality of the catalysts was also explored using different
substrates. Chapter 6 summarizes and concludes the overall results and offers

recommendations for future work.
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1.10. Thesis objectives

As we described early, the preparation method of nanoparticles can affect their shape and
morphology as well as altering their physical and chemical properties. Tuning these parameters
is crucial for any given catalytic model. Among these methods, sol-immobilization method is
considered to offer very narrow particle size distribution with small mean particle sizes. In
addition, the method enhances the confinement, distribution and stability of the supported
nanoparticles (mono and bimetallic supported nanoparticles). Moreover, it is quite easy, cheap

and safe route comparing to other method of preparation.
Therefore, the main objectives of this study are to:

1. Prepare supported mono- and bimetallic AuPd and AgPd alloyed nanoparticles via a
sol-immobilization method.

2. Characterize the prepared catalysts using the state-of-the-art techniques such as; UV-
Vis spectroscopy, MP-AES, BET, XRD, TEM, HAADF-STEM and XPS.

3. Check the performance of AuPd and AgPd supported alloyed nanoparticles for the
reduction of 4-nitrophenol, in aqueous phase, as a model reaction.

4. Study the effect of reaction parameters on the catalytic activity.

5. Study the effect of the bimetallic ratio on the AuPd and AgPd supported nanoparticles
through sol-immobilization method on the reduction of 4-nitrophenol.

6. Explore the effect of support and induction time on the reduction of 4-nitrophenol.

7. Explore the effect of using different reducing agents for the catalyst’s activity towards

the reduction of 4-nitrophenol.
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Materials and Methods

2.1. Introduction

Experimental techniques are very important tools to well understand the properties of

supported metal nanoparticles as potential catalysts. For instance, many characterisation

techniques have been used in catalysis area aiming to study the reaction mechanism and

to analyse the catalyst chemical and physical properties [1]. Herein, we describe in detail

the materials, the preparation method used throughout the whole thesis, characterization

methods for the materials as well as a full description for the catalytic reactor and testing

procedures used to evaluate the performance of the catalysts towards different reactions.

2.2. List of chemicals

In Table 2.1 below, materials were used in this study are summarized as follows:

Table 2.1 List of chemicals and reagents.

Substance Supplier Purity
4-Nitrophenol, O2NCgHsOH Sigma Aldrich 99.99%
3-Nitrophenol, O2NCgHsOH Sigma Aldrich >99%
2-Nitrophenol, O2NC¢H4OH Sigma Aldrich >99%
4-Nitroaniline, O2NCgHsNH> Sigma Aldrich >99%
Nitrobenzene, CsHsNO- Sigma Aldrich >99%
HAuUCI4.3H20 Alfa Aesar 99.99%
K2PdCl4 Sigma Aldrich 99%
AgNO3 Sigma Aldrich 99%

Poly vinyl alcohol (PVA), (MW=10,000)  Sigma Aldrich 99%
NaBH4 Sigma Aldrich > 98%
NaOH Fisher 99%
Sulphuric acid, H2SO4 Fisher 95%
Formic acid, HCOOH Sigma Aldrich 95%

Nitric acid, HNOs Fisher 70%
Hydrazine hydrate(NH2NH; - xH20) Sigma Aldrich 60% in H20
Urea, NH.CONH: Sigma Aldrich 98%

TiO2 (P25)* Degussa >99.5%
Nickel(1l) oxide (NiO) Sigma Aldrich 99.99%
Copper(Il) oxide (CuO) Sigma Aldrich 99.99%

* TiO2 (P25): rutile:anatase ratio = 15:85, as calculated from XRD diffraction patter of TiO2 (P25).

Materials were used as received from the supplier without any further purification.

Deionised water was used as solvent for the reaction and catalysts’ preparation.
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2.3. Catalyst preparation

2.3.1. The sol-immobilisation method

The method employed for metal nanoparticle generation is based on colloidal routes, in
which zero-valent metal is stabilised in solution by the presence of a protecting agent.
The subsequent metal nanoparticles are anchored on to a support material to yield the
final catalyst, the overall process known as the sol-immobilisation method [2]. The use
of polyvinyl alcohol (PVA) as stabilising agent has demonstrated that metal nanoparticles
can be prepared with a narrow particle distribution, with the average metal particle size
<10 nm, dependent on the stabilising/metal ratio [3—7]. The structure of PVA is illustrated
in Figure 2.1, with the 200-230 repeating units for the PVA used in this study (molecular
weight = 9-10000 g mol™Y). The large polymer structure work to stabilise metal

nanoparticles through steric, rather than electrostatic interactions [8].

i
OH

Figure 2.1 The monomer unit in the polymer, polyvinyl alcohol (PVA), where n is the
number of repeating units.

2.3.2. The sol-immobilisation synthesis procedure

Supported mono and bimetallic nanoparticles were prepared at room temperature using
standard sol-immobilization method [9,10]. For instance, to prepare AuPd bimetallic
catalyst with 1:1 molar ratio of the metals in 1 wt.% of support, an aqueous solution of
K2PdCl4 (0.64 ml of 5.5 mg/ml) and HAuCI4.3H20 (0.53 ml of 12.25 mg/ml) were added
to 400 mL of H>O and thus should give Au:Pd solution with 1:1 molar ratio. The required
amount of Polyvinyl alcohol (PVA) 1 wt.% solution (100 mg of PVA MW = 9-10000
g/mole dissolved in 10 mL water) was added to the aqueous solutions of K>PdCl, and
HAuUCI4.3H20. The PVA/metals weight ratio is 0.65 for mono and 1.2 for bimetallic
catalyst. The mixture was stirred for two minutes at room temperature. Then, a freshly
prepared solution of NaBH4 (0.1 M of NaBH,4 / metals (mol/mol) = 5) was then added to
form a dark-brown sol. After 30 min of sol generation, the colloid was supported by
adding 0.99 g of the support. The suspension was acidified to pH 2, through the drop-
wise addition of concentrated H.SO4, which was added under vigorous stirring. For the
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catalysts prepared in this thesis, the required amount of support was calculated to have a
final metal loading of 1 wt. %. The slurry was then stirred for 1 h, then the catalyst was
recovered by filtration, washed several times with deionized water to remove any soluble
impurities (i.e. Na*, CI") and/or any excess of PVA and finally dried at 110 °C for 16 h.
Similarly, monometallic (Au, Pd and Ag) and bimetallic (AuPd and AgPd) supported
nanoparticles were prepared by the same method . For bimetallic systems, the targeted
stoichiometric molar ratios between the two metals were as the follow; 0.13:0.87,
0.25:0.75,0.5:0.5, 0.75:0.25 and 0.87:0.13). The general procedure of metal nanoparticle
synthesis by sol-immobilisation method using the NaBH4/PVA is shown in Figure 2.2.

Metal '
= precursor |y 23 -,
F17 NaBH,
PVA {

v N ¢y

washed,
and dried at

Support Filtered

H,S0, 110°C for
16h

Figure 2.2 Sol-immobilisation method used for the preparation of supported metal
nanoparticles.

2.3.3. Synthesis of nanosized nickel (11) oxide (NiO)

A synthesized Nickel(Il) oxide ( NiO) was prepared by Dr. Alberto Villa at the University
of Milan according to Villa et al., methodology [11]. In a typical preparation, appropriate
molar quantities of Ni(NO3)2 « 6H20 (5 x 10* M) and urea (urea/Ni molar ratio = 10)
were added to 200 ml of water under magnetic stirring for 6 hrs at 80 °C. Consequently,
Ni(OH). was separated from the solution, filtered and washed by deionised water several
times. The powder was dried at 60 °C for 12h and then calcined at 300 °C for 3h under
static air. The powder obtained was labelled as NiOs and stored in the desiccator to protect
it from moisture. For comparison purposes commercial NiO material (as a bench mark
support) was modified with urea using the procedure described previously [11].
Typically, 5 g of commercial NiO powder (NiOc¢) was added into urea aqueous solutions
(200 mL, 2.5 M). Subsequently, the suspension was heated up to 80 "C and stirred for 6
h. After cooling down to room temperature, the solid (green powders) were recovered by
filtration and washed several times with deionized water. The recovered solid sample was
dried at 60 °C for 12 h then used as it .
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2.4. Catalyst testing

Catalytic performance of the synthesized catalysts was carried out in the liquid-phase
reduction of 4-NP using three different reducing reagents, namely NaBH4, Formic acid
and hydrous hydrazine. The reactions were performed under mild reaction conditions
using water as the desired solvent at 30 °C and atmospheric pressure in the presence of
catalyst, with an excess of reducing reagent. The experiments were carried out using two

types of reactors and it will be described in the next Section.

2.4.1. Off-line batch reactor

Reduction of 4-nitrophenol (4-NP) with different reducing agents was performed in a
stirred glass reactor round-bottom flask (100 ml) and placed in an oil bath with a magnetic
stirrer (Figure 2.3). In a typical reaction, the requisite amount of catalyst was suspended
in 45 ml of aqueous solution of 4-NP (1.35x10*M). The reaction mixture was stirred at
1000 rpm for 20 minutes at 30 °C followed by the addition of 5 ml of the appropriate
amount of the desired reducing agent to start the reaction. The specific conditions for each
experiment are as follows: sodium borohydride (3.9 x 10 M, NaBH4/4-NP molar ratio =
30), formic acid (0.06 M, formic acid/4-NP molar ratio = 45) and hydrazine (0.05 M,
hydrazine /4-NP molar ratio = 40, and in all cases a 4-NP /metal molar ratio of 13 was
used. At the specific sampling time, syringe filters (0.45 pum pore size) and a syringe
(ImL) were used to transfer 1 ml of the reaction solution to the UV cuvette and then UV-
Vis spectra were collected periodically to monitor the progress of the reaction.

Figure 2.3 Schematic diagram of off-line batch reactor (glass reactor).
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2.4.2. On-line batch reactor

In addition to the off-line analysis, the reduction of 4-NP with NaBH4 was also conducted
on-line (monitoring continuously UV spectra as described below) in a quartz cuvette with
an optical path length of 1cm due to the high conversion rate of 4-nitorphenol, which
sometimes reach 100% conversion within one minute. Moreover, on-line batch reactor
has been used to determine the initial concentration of 4-NP(Co) in all experiments using
the standard conditions. Typically, the requisite amount of catalyst was added directly
into the cuvette, which contains fresh solution of 4-NP (2.7 mL, 1.35x10* M). The
cuvette was subsequently placed into a Qpod 2e ABSKIT temperature controller
(Avantes), which provides magnetic stirring and temperature controller by a Peltier
system, both remotely controlled by a computer (Figure 2.4). When the desired
temperature was reached, the fresh NaBH4 solution (0.3 mL, 3.9 x 102 M) was added to
give a total volume of 3 ml to initiate the reaction. The reduction process of 4-NP was
subsequently monitored by measuring the UV-Vis absorption spectra of the reaction

solution every 5 seconds until full conversion was achieved.

Figure 2.4 photograph of the AvaSoft UV-Vis Spectrometry setup (On-line batch reactor)
for monitoring the reduction of 4-nitrophenol. (Cardiff Catalysis Institute).
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2.4.3. Analysis of reaction

The progress of the reduction of 4-NP is easily monitored using UV-Vis spectroscopy
because 4-NP ion shows a distinct absorption peak around 400 nm [12-14]. In the UV-
Vis spectrum the absorption maxima corresponding to the 4-NP appears at 317 nm
[15,16]. The presence of sodium borohydride leads to a shift in the absorption band of the
4-nitrophenol to 400 nm, indicating the presence of the nitrophenolate anion, which
changes the color of the solution from pale yellow to dark yellow [15,17,18], an example
for 4-nitrophenolate ion shown in Figure 2.5. Similar behavior was noticed when hydrous
hydrazine was used as reducing agent , instead of NaBH4 [19]. However, in the case of
using formic acid (acidic conditions), the nitrophenolate ions peak wasn’t observed
because the formic acid acidifies the reaction medium, which decrease the rate of 4-
nitrophenol ionization to 4-nitrophenolate ion, hence, no shift in the 4-NP absorbance

band was observed [20].

2.54 4-nitrophenolate(4-NP+NaBH)
400 nm

2.0+
1.5-
1.0
0.5-
0.0

4-NP
(317 nm)

Absorbance

300 400 500
Wavelength (nm)

Figure 2.5 Example of UV-vis spectra of aqueous 4-NP solution (blue line) and aqueous
4-NP solution (4- nitrophenolate) in the presence of NaBHs (red line).

In this study, the concentration of 4-NP has been determined using the calibrations curve
by observing the decay of 4-nitrophenol ion (4- nitrophenolate) absorbance in the basic
and 4-NP absorbance in the acidic conditions at 400 nm and 317 nm
respectively. Calibrations were performed in order to calculate a molar extinction
coefficient of the 4-nitrophenolate ions, according to the Beer-Lambert law. An
absorbance versus concentration plot gives a straight line, in which the molar extinction
coefficient can be directly obtained from the gradient. The concentration absorption
calibration plot for aqueous 4-NP in the presence of NaBHa is shown in Figure 2.6. The
extinction coefficient was determined by first preparing a fresh solution of 4-NP with a

concentration of 9.3 x 10 M, which was subsequently diluted to make solutions with
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final concentrations between 1.67 x 10 M and 6 x 10° M. A 0.05 M solution of NaBHx
was prepared in a 25 mL volumetric flask. 0.3 mL of this solution was added to the 1 cm?

cuvette. A fresh NaBH4 solution was prepared prior to each reaction due to its rapid
decomposition. An extinction coefficient of 4-NP was found to be18620 M cm™, which
is in good agreement with values that reported in the literature (18,000-19,000) [21,22].
In the same way, the extinction coefficient was determined for 4-NP in the presence of
hydrazine and formic acid 17630 and 9784 M cm, respectively.

NN
o

Slope = 18620.4

A (at 400nm)
o O;

0.5 R%= 0.99989
0.0
00 04 08 12 1.6
(c,,,) x107* M

Figure 2.6 Calibration plot of absorbance against concentration for 4-nitophenol. The
calibration line was determined by fitting the data to the Beer-Lambert law (Eq 2.1).

2.5. Reusability tests

The reusability of the catalysts was studied by carrying out the reaction in round bottom
flask, using 45 mL of 4-NP solution (1.35x10* M) and 5 mL of aqueous NaBH4 (0.039
M) as the reducing agent. Subsequently, required amount of the catalyst was added to
initial the reaction, which was allowed to proceed for specific time. After this time the
catalyst was separated from the solution, washed with 20 mL of deionised water before
being reused. The UV-Vis spectra at 0 s was recorded using on-line batch reactor
procedure by using 0.3 mL and 2.7 mL of the same solutions of NaBH4 and 4-NP
respectively without the presence of the catalyst.
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2.6. Instrumentation

2.6.1. UV-Vis spectroscopy
Background

This method refers to absorption or reflectance spectroscopy in the 200-800 nm region of
the electromagnetic spectrum. Molecules containing rt-electrons or non-bonding electrons
undergo electronic transitions upon exposure to UV-Vis light, promoting an electron from
ground to excited state. One of the most widely used methods for characterizing the
optical and electronic structure of metal nanoparticles is through UV-Vis spectroscopy.
For metals that possess a plasmon-resonance band, such is the case with Au, Ag and Cu,
it can be an indicative tool towards the metal particle size based on the intensity and
position of the band during the sol formation [23,24]. The plasmon resonance arises due
to free conduction electrons oscillating because of induced electromagnetic radiation
interaction [25]. The SPR band appears in the range400-600 nm, depending on the metal,
with increasing particle size causing a red shift, and increased particle distribution causing
band broadening. Not only particle size affects the plasmon resonance, as other factors
including solvent and surface functionalization can contribute to the exact frequency and
intensity of the band. Whether the metal possesses a plasmon resonance band or not, such
is the case with palladium, the technique is useful to follow the reduction process from a
metal salt, to metal nanoparticle during the sol-immobilization process. The quantitative
determination of highly conjugated organic compounds can be performed using UV-Vis
spectroscopy. The Beer-Lambert law states that the absorbance of a solution is directly
proportional to the concentration of the absorbing species in the solution and the path

length, according to equation 2.1.

A=g¢lc (Eq2.1)

Where A is the absorbance, ¢ is the molar extinction coefficient with units of M- tcm™,

L is the path length of the cuvette in cm and c is the concentration of a given solution
expressed in M. The molar extinction coefficient can be calculated by maintaining the
same path length whilst varying the concentration of analyte to establish a calibration

curve. A plot of absorbance against concentration will yield a slope equal to the «.
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Instrumentation setup

All absorbance UV-Vis spectra were recorded using in-situ AvaSoft UV-Vis
Spectrometry and a Q-blue wireless temperature controller. Figure 2.7 shows the diagram
and photograph of the UV-Vis instrument that used for monitoring the reduction of 4-NP.
The Qpod 2e was connected by a fibre-optic cable (Cable with 200 pum Fibre) to an
Avantes system of Ava-light-DH-S-BAL Deuterium-Halogen light sources, which have
standard wide-range bands of deep UV deuterium lamp (215-500 nm), and halogen lamp
(500-2500 nm). The Ava-Spec Avantes Fibre Optic spectrometer system (Avantes
ULS2048-USB2-UA-50) was used as the detector in the range 200 —800 nm.

UVIVIS Computer
source

Detector

Optic fiber Optic fiber
Qpod2
cuvette
holder

Figure 2.7 Scheme and picture of photograph of AvaSoft UV-Vis Spectrometry setup for
monitoring the reduction of 4-nitrophenol to 4-aminophenol.

All measurements were performed in a single quartz cuvette with a 1 cm? path length. For
each series of measurements, the absorption of distilled water is measured as the reference
baseline and subtracted from each measurement. Measurements were taken in the range
of 200 nm - 800 nm at room temperature. All the obtained UV-Vis spectra were manually
normalised in the Origin Pro software, so that the absorbance at 600 nm was equal to zero,
as illustrated in Figure 2.8. This translation process was necessary due to the variations
in the UV-Vis baseline.
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Figure 2.8 UV-Vis spectra collected during the catalytic reduction of 4-NP using Au/TiO>
catalyst; A) before baseline correction and B) after baseline correction.

2.7. Catalyst characterisation

2.7.1. X-Ray powder diffraction (XRD)
Background

X-ray diffraction (XRD) is commonly used for phase identification, as well as providing
information of the crystallite size, shape and atomic spacing in the material [25]. The prepared
catalysts are powders, consisting of small crystallites with random orientations[26].
Statistically, one or more crystals will be in the correct orientation so that the Bragg’s law
(Equation 2.2) can be satisfied [25]. As the powder contains of small particles randomly

orientated all diffraction angles will be represented.
ni= 2d sinf (Equation 2.2)

where:
n The order of the reflection (an integer number,).
A The incident X-ray wavelength.
d Spacings between atomic layers in the powdered sample.
0 The diffraction angle.
The X-ray diffraction equipment consists of: an X-ray source, a sample holder and a
detector (Figure 2.9).

The Scherrer equation (equation 2.3) can be used to estimate an average crystallite size
from powder XRD) [27]. As the particle size increases, the diffraction lines narrow, and
vice versa. By fitting a Gaussian peak to the diffraction line, the full width half

maximum(FWHM) can be obtained and applied to calculate the crystallite size [27].
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Figure 2.9 Schematic diagram of typical XRD.(6: diffraction angle).

Crystallite size = FWHI:/I** ios 5 (Equation 2.3)
where
K the Scherrer constant = 0.89.
A the wavelength of X-ray (nm).
FWHM the full peak width at half maximum.
0 the angle of diffraction.

Experimental procedure

For each sample, the catalysts were placed in a sample holder, and the powder X-ray
diffraction (XRD) patterns were recorded with PANalytical X-PertPro X-
Ray diffractometer with a Cu Ka1 X-ray source run at 40 kV and 40 mA fitted with an
X’Celerator detector. The powdered sample was placed in an aluminium holder and

flattened until smooth. Scans 20 were recorded between =5 —80° at a step size of 0.017°.

2.7.2. X-Ray photoelectron spectra (XPS)
Background
X-Ray photoelectron spectroscopy (XPS) developed by K. Siegbahn and his group in
1960 for who awarded in 1981 the noble prize for his extensive work in developing XPS
[28]. XPS is one of the most important and useful surface analysis technique in the

characterisation of heterogeneous catalysts [29]. It is mostly used for studying the
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Figure 2.10 Schematic diagram of typical XPS.

oxidation state of elements and the surface composition of supported metal catalysts.
Figure 2.10 is a schematic diagram of a typical XPS instrument, which consists of an x-
ray source, a high vacuum chamber that holds the sample and an electron energy analyzer.
Typically, the sample surface is irradiated with X-Rays, and based on the photoelectric
effect, the sample surface emits photo electrons which are measured [28]. When atom
absorbs a photon of energy (hv), a core or valence electron with binding energy(Ey) is

ejected with Kinetic energy, (Ex) which can be related by equation 2.4:

Ek =hv -Ep- @ (Equation 2.4)
where;
Ex the Kkinetic energy of the photoelectron
h Planck’s constant
v the frequency of the exciting radiation
Eb the binding energy of the photoelectron with respect to the Fermi level of the
sample.
0] the work function of the spectrometer

XPS spectrum is typically a plot of bonding energy of electron versus the intensity of
photoelectrons. A set of binding energies is characteristic of an element, and XPS can be
useful to analyse the formation of samples, considering the peak areas and cross sections
for photoemission. Binding energy contains chemical information on oxidation state,
because the energy levels of core electrons depend slightly on the chemical state of the
atom [28]. The height of each peak of an XPS spectra is generally directly proportional
to the abundance of photon-emitting atoms near to the sample surface, whilst the exact
bonding energy associated with particular peaks is dependent upon chemical oxidation
state, as well as the local environments surrounding the emitting atoms [30].

Consequently, the abundance of any element can be ascertained from XPS peak intensity,
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whilst data relating to oxidation state, surface coverage can be determined from bonding

energy.
Experimental

All XPS analysis was carried out using a Kratos Axis Ultra DLD spectrometer equipped
with an Al K, X-ray 300 W source and according to the following method. A
monochromatic Al Ka X-ray source operating at120 W. Data was collected with pass
energies of 160 eV for survey spectra, and 40 eV for the high-resolution scans. The system
was operated in the Hybrid mode, using a combination of magnetic immersion and
electrostatic lenses and acquired over an area approximately 300 x 700 um? A
magnetically confined charge compensation system was used to minimize charging of the
sample surface, and all spectra were taken with a 90 ° take off angle. A base pressure of
~ 1x10®° Torr was maintained during collection of the spectra. Binding energies were
calibrated using the C1s binding energy of carbon taken as 284.7 eV. Peaks were fitted
as Gaussian Lorentzian curves GL(30) using CasaXPS software.

2.7.3. Electron microscopy

Electron microscopy is very powerful technique for studying the size, shape, morphology,
and structure of nanoparticles. Electron microscopy covers a range of techniques
including transmission electron microscopy (TEM) and scanning electron microscopy
(SEM). Electrons in this technique have characteristic wavelength below 1 A, electron
microscopes can obtain atomic details. Whilst the resolution of conventional optical

microscopes is limited to 100 nm.

Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is one of the main techniques that used for catalysts
characterisation. Zworykin et al., was the first one that he described the modern SEM
[31]. A schematic diagram of the SEM is shown in Figure 2.11. In this technique,
electrons are used instead of light to generate images. Consequently, SEM can produce
high quality images with comprehensive detail on macroscopic catalytic structure due to
the tremendous sample focal depth achievable, particularly when compared with optical
microscopy. Furthermore, chemical composition of the catalyst can be analysed when this
powerful technique is combined with energy-dispersive X-ray spectroscopy (EDX or
XEDS) [31,32].

41



Chapter 2 Materials and Methods

Electron Gun

\ 4

Condenser Lenses

Scan Coils

Objective Lens

K X-Ray Detector
Sample % O

Electron Detector

Figure 2.11 Schematic diagram of scanning electron microscope (SEM)

A Scanning Electron Microscope functions by generating a beam of electrons from an
electron gun situated at the top of the microscope. This electron beam takes a vertical path
down the microscope, which is maintained under vacuum conditions. This electron beam
passes across electromagnetic fields and lenses, which further focus the beam onto the
sample. When the primary electron beam encounters the sample (see Figure 2.12), the
sample surface gives off three kinds of electronic emissions: i) backscattered electrons;
ii) secondary electrons; and iii) Auger electrons. The first two of these are utilised by the
SEM, whilst the third is important in Auger scanning microscopy. Atomic de-excitation
also results in the emission of photons with spectral range varying from x-ray to the
visible region [33]. Secondary electrons constitute lower energy electrons which are
detected via attraction toward a phosphor screen where their light intensity is quantified
via a photomultiplier. During the electron beam focusing process, some electrons will hit
atomic nuclei and rebound; these are termed ‘backscattered electrons’, and these provide
details on sample surface morphology and the mean atomic number of the scanned sample
area. The sample surfaces directly opposite the detector appear brighter than those
oriented at an angle, and this effect generates image contrast. Since secondary electrons
derive from the sample surface, whereas the backscattered electrons derive from the bulk,
SEM can therefore provide a ‘3D’ representation of the sample under investigation. One
key supplementary analytical tool frequently used in conjunction with SEM is energy
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Figure 2.12 Interactions between electrons and the sample in SEM.

dispersive X-ray emission (EDX Combination of these two techniques permits elemental
analysis of samples to be conducted. The EDX technique facilitates elemental analysis by
collection of X-rays emitted from the sample when the beam interaction with sample’s
atoms. X-rays with characteristic energy are emitted by each element present in the
sample. These signals are represented as peak on the resulting spectra, and the intensity

of the peak associated to the quantity of that element present within the sample.
Transmission electron microscopy (TEM)

In addition to the SEM, the transmission electron microscopy (TEM) is another form of
electron microscopy used for material characterization [34]. It is useful for determining
the particle size, composition, distribution and shape of the materials amongst other
properties [35]. An illustration of a TEM is shown in Figure 2.13. The operation of the
TEM involves the use of a filament (or electron gun) emitting electrons from the top of a
vacuumed column (~ 10-5 mbar), where they are focused on to the specimen by a series
of electromagnetic lenses (condenser lenses). The energy of the electron beam is typically
200 keV, and the vacuum enables the beam to travel without interference from air
molecules [31]. Depending on the thickness and atomic number of the elements in the
specimen of interest, there will be a different level of interaction, with some of the
electrons either being absorbed or scattered. After sample interaction, projection lenses
spread the beam on to a fluorescent screen. The specimen can be viewed on this screen
and is used to manually align and focus the instrument. The microscope is also fitted with
a charged coupled device (CCD) camera in order convert the electron intensity into a
digital image. Generally, the samples were viewed in bright field imaging mode, in which

43



Chapter 2 Materials and Methods

the specimen appears darker, dependent on the sample thickness and atomic number of
the elements in the specimen, and regions with no sample will appear bright. A second
operational mode is dark field imaging, in which the scattered electron beam after
interaction with the sample is detected and processed to an image in which the sample

appears bright, on a dark background.
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Figure 2.13 Schematic diagram of transmission scanning microscope (TEM).

Scanning TEM High Angle Annular Dark Field (STEM HAADF)

Microscopy.

For high resolution analysis of small metal clusters, samples were analysed in the
Nanoscale Physics Research Laboratory at the University of Swansea using STEM
HAADF microscopy. In scanning TEM, the electron beam is focused into a narrow spot,
which is subsequently scanned over the sample in a raster. This mode can be coupled with
a high angle detector to form atomic resolution images. The detector operates by detecting
the electrons that are scattered at high angles, rather than the Bragg scattered electrons
(Figure 2.14). The atomic number of the scattering atoms (Z number) is more influential
to the image created, with heavier atoms scattering more electrons, resulting in brighter
regions amongst a dark background [36]. The samples for HAADF were examined using
STEM (JEOL 2100 F) in high -Angle annular dark -field (HAADF).
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Figure 2.14 lllustration of the types of modes available depending on the extent of
electron scattering from the sample [15].

Experimental (SEM, TEM HAADF)

Samples for examination by TEM were prepared by dispersing the catalyst powder in
high purity ethanol using ultra-sonication. 50 uL of the suspension was dropped unto a
holey carbon film supported by a 300-mesh copper TEM grid followed by the evaporation
of the solvent. The samples for TEM were then examined using a JEOL JEM 2100 TEM
operating at 200 kV. Particle size distributions were calculated using a post processing
programme, ImagelJ. For each image the scale bar was used as a reference to transform
the scale in to image pixels per nm. Using the line tool, the diameter of each particle was
manually picked, and the resulting metal particle size displayed in an output file (origin).
The procedure was repeated across (250-300) particles before the average diameter was
calculated from the output file. SEM-EDX was carried out using Hitachi TM3030PLUS
equipped with a Quantax70 energy-dispersive X-ray spectroscope (EDX). The powder
samples were placed on the carbon tape which was attached to the sample holder.

2.7.4. Surface area measurements (BET)
Background

The BET surface area measurement was developed by Brunauer, Emmett, and Teller in
1938 [37]. Itis often used for the determination of the surface area, pore volume and pore
size of materials [38]. Surface area plays a major role in the reactivity of catalysts due to the

fact that the catalyst that has greater surface area provides better access to the reacting
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species, and hence, are more active [37]. The total surface area of a solid is based on the

volume of gas that is adsorbed on this surface at a given temperature and pressure [39].
Normally, nitrogen gas (N2 is used in BET measurements as the adsorptive gas at a
cryogenic temperature (77 K). After the N2 gas is exposed to solid in vacuum Part of the
gas will adsorb unto the surface of the solid whilst part remain unadsorbed [40]. BET

equation (Equation 2.5) is as follow:

P 1 c-1\ (P :
v(P-P)] (%) + (W) (F) (Equation 2.5)
where;

\Y Volume of adsorbed gas at pressure P.

Vm Volume of the monolayer of adsorbed gas.

P Equilibrium gas pressure

Po The saturation pressure of the adsorbate

C BET constant.

C and Vn, values can be determined by plotting P/V/(Po-P) against P/Po and this should
yield straight line. Once C and Vn, are calculated [41], the surface area can be
determined from the following equation (Equation 2. 6).
sA (’"72) = oo (Eq 2. 6)
where;

SA surface area.

Na  Avogadro number (6.023x10%).

Vo Molar volume of gas.

M Mass of the sample.

o Molecular area of N2 (0.162 nm? at 77 K).

Experimental

The samples were prepared for surface area measurements (BET) by outgassing at 120°C
for 3 hours and then connecting to a Quantachrome Autosorb Analyser automatic multi
point surface area analyser. During the analysis, the samples were immersed in liquid No.
The surface area of the samples was measured using the BET method based on the
adsorption isotherm in the partial pressure (P/P,) range (0.05-0.35).

46



Chapter 2 Materials and Methods

2.7.5. Thermogravimetric analysis (TGA)
Background

Thermogravimetric analysis (TGA) is a thermo-analytical technique used for recording
small and precise changes in weight with temperature or time due to dehydration or
decomposition [42]. The measurement is carried out in an atmosphere of Hz, N2, He, air,
or other gases depending on the application of interest, and the weight of the sample is
constantly recorded as a function of the temperature. Change in the weight of sample is
a result of the formation of various chemical and/or physical events [43]. TGA equipment
comprises of basically, an automatic re equilibrating balance, which allows for the
continuous monitoring of the changes in sample weight, a furnace that allows for
controlled the heating of the sample and a gas flow circuit to control the sample
environment (Figure 2.15). In some applications, TGA can be coupled with IR
spectroscopy or mass spectrometry to identify and quantify desorption products Quartz,

ceramic and platinum materials are common sample holders used for TGA analysis.
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Figure 2.15 Schematic diagram of the TGA experimental set up.

Experimental

TGA analysis was carried out on a Perkin ElImer TGA 4000/ Pyris 6 with Auto sampler.
For each analysis, 40 mg of a powdered sample of catalyst is placed into an aluminum
oxide pot. The analysis was performed in N2 gas atmosphere introduced at a rate of 50
ml/min and the heating range was from room temperature to 900°C at a constant rate of
5°C/min.
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2.7.6. Microwave Plasma Atomic Emission Spectroscopy (MP-AES)
Background

MP-AES is an analytical technique for elemental analysis [44]. In this work, a nitrogen
plasma is generated by microwave energy, which is subsequently heated to around 5000
K via a quartz torch to excite and vaporize the atoms in a liquid sample. An aerosol is
created from liquid or acid digested solid samples which is sprayed inside the torch, and
thus led to the atomization and electron excitation of sample. This leads to the electrons
in the sample to an excited state from a ground state. After the atoms relax into lower
quantised energy levels, a specific quantum of energy is released as photons, which have
a wavelength characteristic of each element. The photons are detected using a charge
coupled device (CCD). Each wavelength is analysed sequentially. This method enables
multiple wavelengths related to the same element to be quantified, which reduces the
interference from other elements that have similar emission wavelengths [45]. The

diagram in Figure 2.16 shows the basic principles of MP-AES.
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Figure 2.16 Schematic illustration of the basic principles of microwave plasma atomic
emission spectroscopy.

Experimental

Agilent 4100 MP-was used to determine the actual metal loadings and leaching for all the
catalysts used in this work. About 20 mg of each sample was placed into a 50 ml
volumetric flask and then filled with 6 mL freshly prepared aqua-regia. The sample was
left overnight to allow for complete digestion of the samples. The digested sample was
then diluted with deionised water up to a total volume of 50 ml. The obtained solution
was filtered with a 0.45um PTFE syringe filter prior to analysis. For each element
analysed, calibrations of multiple wavelengths were used.
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2.7.7. Gas chromatography-Mass spectrometry (GC-MS)
Background

Gas Chromatography—Mass Spectrometry (GC-MS) is one of the most extensively used
for chemical analysis. It is an essential analysis technique in catalysis for the separation,
identification and quantification of reaction products [46]. Nowadays, GC-MS can be
used in various applications such as identification of unknown samples, fire and
explosives investigation, drug detection and environmental analysis [47-50]. The GC-
MS is composed of two major building blocks: the gas chromatograph and the mass
spectrometer. The basic components of a GC consist of an injecting port, a column as
stationary phase within an oven and a detector as shown in Figure 2.17. The Gas
Chromatography (GC) works on the principle that on injection, a sample is heated into
the gas phase and mixed with an inert carrier gas (commonly Ar, He or N2) followed by
transportation through the column. A capillary column is generally made of fused silica
with a polymer coating called the stationary phase. Separation of products is facilitated
by the length of columns which for capillary columns can be up to 100 m. A wide range
of stationary phases are also available for the separation of many complex mixtures. These

columns can range in polarity, length and also analysis temperature.

Capillary columns are widely used for the analysis of complex mixtures; however, they
are insufficient for large volumes. Here, a small volume should be injected compared to
when using a packed column, or the use of a split injector. The basic set up of a split/spless
injector comprises of a rubber septum through which the syringe is inserted. The sample
is injected into a heated glass liner where it is vaporised and mixed with a carrier gas. In
a split less injector set up using small volumes, the sample is carried through the liner and
passes on to the column. For use of a split injector, the sample is split via variation of the
ratio between the flow rates of the carrier gas and that which exits the split vent.

Therefore, only a portion of the injected sample passes through the column.

Various detectors are available for use in gas chromatography, each with different
benefits and detection limits. Typical detectors include flame ionisation (FID), thermal
conductivity (TCD) and mass spectrometry (MS). The FID detector is very sensitive to
hydrocarbons [52], whilst the TCD detector is less sensitive, however, it is appropriate
for all compounds, so, it is commonly used for gas analysis [53]. GC-FID could be used
for both qualitative and quantitative analysis, however GC-MS should be used when

mixture composition is unknown and/or individual components are not available.

49



Chapter 2 Materials and Methods

MS is used to identify compounds quickly and accurately at a molecular level after

separation from complex mixtures of chemicals [54]. It has three main compartments that
are operated under a high vacuum: ion source, mass analyser and detector. In GC-MS,
(Figure 2.17) effluent from the GC column is usually ionised using an electron impact
technique in which high-energy electrons excite neutral analyte molecules causing the
loss of electrons and fragmentation. The charged particles are then delivered into the
mass-analysers where they are separated by their mass-to-charge (m/z) ratio by either
magnetic or electrical fields. The mass spectrum is generated as a plot of ion abundance
as a function of m/z. The presence of fragments with certain m/z and their abundance are
characteristic for each compound and are used for their identification. A OlibraryQ of
known mass spectra, covering several thousand compounds, is stored on a computer

database.

gas chromatograph mass spectrometer
injector

He inlet ——‘L | —_— ion
Y \\ source mass filter

__b ( detector

“\ \ T < ~
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|

column

N>~ evacuated chamber

heated oven

Figure 2.17 Schematic diagram of gas chromatography - mass spectrometry [51].

Experimental

The Gas chromatography-Mass spectrometry was employed in this work for the
identification and confirmation of reaction product(s). After the reaction, 200 uL of
reaction mixture was diluted with methanol (1 mL) prior to the GC-MS analysis. The
analysis was carried out on a Waters GCT Premier orthogonal acceleration time-of-flight
mass spectrometer coupled to an Agilent 6890 gas chromatogram fitted with an Agilent
DB 35 column (30 m, 0.25 mm i.d.,0.25 pm film of 35%-cyano —methylpolysiloxane)
(see Figure. 2.18).
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Figure 2.18 Photograph of gas chromatography- mass spectrometry (Cardiff Catalysis
Institute).

2.7.8. High performance liquid chromatography (HPLC)
Background

Another complimentary technique to the gas chromatography is the High-Performance
Liquid Chromatography (HPLC). Both the GC and the HPLC techniques share similar
operating principles except for the mobile phases used in the techniques. The liquid
mobile phase is used to transport the analytes in the HPLC whereas, gases are utilised as
the carrier phase in the GC. For the HPLC analysis the analytes should be soluble in the
mobile phase, and the HPLC is highly convenient to analyse sample that are heat sensitive
and/or non-volatile. The analytes are injected into the liquid phase carrier, and separation
is achieved based on the selective retention/ interaction of the components of the analytes
with a solid stationary column material. Detection of analytes in HPLC can be carried
out with different detectors, hence, the HPLC technique can be assembled with more than
one. The most common liquid chromatography detectors are the UV-Vis and RID, which

detects organic compounds.

Experimental

The conversion of formic acid was determined by using HPLC model Agilent 1220
Infinity LC using a column (reversed phase) MetaCarb 87H 250 x 4.6 mm, Agilent, at 60
°C and a flow rate of 0.4 mL min. An actual photograph of the system is displayed in
Figure 2.19. The instrument is equipped with a Variable Wavelength (VW) detector pre-
set at 210 nm. The eluent was an aqueous solution of phosphoric acid (0.1 wt. %).
Succinic acid was used as external standard for the quantification of the concentration
formic acid remaining in reagent solution. Seven formic acid solutions were made in order
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to perform the calibration and the response factor of the HPLC calibration for formic acid
Is 1.5286 (see Figure 2.20).
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Figure 2.19 HPLC Agilent 1220 Infinity LC.
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Figure 2.20 Calibration curve and response factor of the HPLC calibration for formic
acid.
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Chapter 3 Reduction of 4-nitrophenol over AuPd/TiO; catalyst

3.1. Introduction

The reduction of 4-nitrophenol (4-NP) is an industrially useful reaction since 4-NP is
considered as one of most toxic and water pollutants [1-5]. 4-nitrophenol derived from
many processes in industries such as agro chemistry, pigments and pharmaceutical
factories [6-9]. Due to their high toxicity, more attention has been given to develop new
methods to remove this compound from the environment such as direct conversion of 4-
NP by using reductant in the presence of metal nanoparticles (NPs) to produced 4-
aminophenol (4-AP) [10]. On the other side, 4-aminophenol has less toxicity and useful
in many industries such as in drugs (analgesic and antipyretics), corrosion inhibitors
[8,11]. Recently, metallic nanoparticles have received much attention in the field of
catalysis because of their unique properties such as sizes and shapes. To evaluate and
derive a definite conclusion about the efficacy of various catalysts with different shapes,
sizes, and even porosities, a model reaction is necessary [12]. This reaction must be
trustworthy, convincing, should proceed without side reactions in the presence of catalyst
and should not continue in the absence of a catalyst. Also, it should be easy to monitor using
fast and a simple experimental set up. As such, the reduction of 4-nitrophenol using
sodium borohydride (NaBH4) is considered as a model reaction for catalytic study
because of the following reasons; i) the reduction of 4-NP can be easily monitored using
UV-Vis spectroscopy by observing the decrease in absorption of the 4-nitrophenolate
anion at 400 nm [13], leading directly to the rate constant; ii) the product of the reaction
is only 4-aminophenol and no by-products are formed [12,14]; iii) this reaction can be
catalysed by any immobilized or free NPs in aqueous solution under mild conditions
[13,15]; iv) although this reaction thermodynamically favourable at ambient condition, it
is not kinetically so since the reduction potential of 4-nitrophenol to 4-aminophenol is
(E°=0.76 V), while that of borate-borohydride (HsBO3/BHy4) is (E°= -1.33 V) [12,16].
Because of the kinetic barrier, the reduction reaction does not take place in the absence
of metal nanocatalysts, even in 48 h [17]. However, the reaction proceeds easily in the
presence of catalysts [21-23].This reaction has great attention over the last years. In 2001,
Pal and co works [11] reported for the first time this reaction as model reaction using Cu,
Ag, and Au NPs. Therefore, 4-NP reduction is very important and valuable in green
chemistry and from an industrial and academic point of view. Since then, interest in this
reaction has grown significantly among researchers. The most popular metal

nanoparticles for this reaction were Au, followed by Ag and Pd [21].
57



Chapter 3 Reduction of 4-nitrophenol over AuPd/TiO; catalyst

Gold nanoparticles - both free and immobilized- have been investigated under mild
conditions, as catalyst for the reduction of 4-NP by several authors [1-5]. In many cases,
the catalytic activity in this reaction increases as the particle size decreases. Ismail et al.,
[22] performed a systematic investigation of the effect of Au particle size and its surface
area on the hydrogenation of 4-NP by using Au/TiO2. They observed that the catalytic
activity was increased by 6-fold when the Au particle size was decreased from 350 to 25
nm, attributed to the higher metal surface area for the smaller Au NPs. Aromal and co-
workers have observed a complete reduction of 4-NP after 30 minutes in the presence of
20 nm Au NPs, while the reaction was accomplished within only 15 minutes under action
of 15 nm size Au NPs [23]. Later, Li et al., [24] prepared Au/TiO2 with different Au
nominal loadings (2, 5, and 10 wt.%) by sol-gel method for the reduction of 4-nitrophenol.
They found that Au particles size in the range of 20-60 nm and they linked the catalytic
activity to the total surface area of Au nanoparticles in Au/TiO2 samples. As the Au
loading amount increases, the number of Au particles on the TiO2 support increases
initially and thus the total surface area increases. Moreover, they found that the Au
particle sizes grow larger, as the Au loading increases, resulting in decreased in the
catalytic activity of Au/TiOs.

In most studies, Au particles size was larger than 10 nm, therefore, there is a need to study
the effect of Au particles size that is less than 10 nm on the reduction of 4-nitrophenol.
Generally, for reduction reactions, supported bimetallic catalysts are known to be superior
catalysts with excellent catalytic activities, compared to their monometallic analogues,
due to the synergistic effect between the two metals [15]. AuNPs is often combined with
other metals to prepare high performance bimetallic catalysts, which results in a change
in their interfaces’ electronic structure [25]. Because of their relatively low cost and high-
end performance, a number of research projects have centered on the application of
bimetallic structures of AgAu, CuAu, PtAu, FeAu and PdAu for 4-NP reduction [26—-30].
Examples of such bimetallic structures capable of excellent catalytic activity, reusability
and stability include the AgAu core-shell NPs, AgAu NPs alloy and alloy-graphene
hybrids [31-33]. However, and despite the excellent catalytic activities reported for the
above stated bimetallic nanoparticles, Pd based catalysts have undoubtedly exhibited the
best overall performance for hydrogenation reaction of 4-NP [34]. Furthermore, many
studies showed that Pd-based bimetallic NPs are more effective and exhibit higher
catalytic performance than Pt based Au bimetallic NPs [35-39]. Alloying Au with either

Pd results in a stronger binding energy and yields a correspondingly faster reaction rate
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constant than alloying Au with Pt as shown in the work reported by Henkelman et al.,
[35]. Very few studies report on the heterogeneous catalytic reduction of 4-NP using
AuPd bimetallic systems [40-42]. Meijboom and co works [43] successfully
demonstrated the synthesis of bimetallic gold and palladium nanoparticles using the
dendrimer-templating method. They showed that the bimetallic catalysts are very active
and stable for a long period of time more than monometallic catalysts. However, they did
not study the effect of Au/Pd ratio on catalytic activity and the reusability of their
catalysts. Further to this study, an investigation into the synergistic effect between Au and
Pd, on the catalyst’s efficiency for 4-NP reduction was reported by Lang et al., [44]. They
demonstrated that a novel hollow Cu,O@CuO/(AuPd) heterostructure can be obtained by
the galvanic replacement reaction of Cu,O cubes (acting as a sacrificial template) with
bimetallic precursors in an EtOH solution at room temperature. The Cu20O on the surface
of the nanocube is oxidized into CuO, forming a hollow Cu,0-CuO core—shell structure.
In addition, Pd" and Au'" are reduced to Pd® and Au®, resulting in the formation of AuPd
alloy NPs that get deposited on the hollow Cu,O—CuO core—shell structure. Their method
does not require any additional reducing agents, and thus simplifies the reaction system.
The resulting hollow Cu,O@CuO-supported AuPd alloy NPs show higher catalytic
activity in the reduction of 4-NP than those of Cu.0O, CuO, CuO—Cu20O/Au and CuO-
Cu20/Pd nanomaterials. Recently, Albonetti and co-workers [42] synthesis mono and
bimetallic colloids (Pd/Au) by microwave heating using glucose as reducer and
Polyvinylpyrrolidone (PVP) as the chelating agent. The mean metal particle size for both
supported mono and bimetallic nanoparticles were in the range 3-4 nm. The synergistic
positive effect of the bimetallic phase was assessed for Pd/Au alloy NPs in the reduction
of 4-NP and AuPd catalyst with composition (1:1 atomic ratio) show the maximum

performance.

Determine the optimum window between the AuPd molar ratio for efficient and effective
activity in reduction of 4-NP is desired and it was investigated in several studies. The
influence of the bimetallic Au/Pd atomic ratio on the catalytic reduction of 4-NP has
gained great attention and characteristic by a volcano shape. The volcano-shaped curve
is recognized as one of the few universal phenomena in heterogeneous catalysis[45].
While the volcano behaviour is discussed in a physical chemistry textbook because of its
fundamental significance in chemical kinetics, it offers an important guideline in practice
when developing new catalysts or when improving their performance [46]. The usual

explanation given to these reactions is the apparent validity of Sabatier’s principle [47],
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which says that a chemical species reaches an optimum stability at its maximum
reactivity. Therefore, the species should not be too stable nor too unstable to attain the
maximum. It is also a sign that the catalysts’ surface consists of different kinds of sites
and therefore the adsorbates are progressively led to occupy thermodynamically less
favourable sites as the coverage increases. An optimal catalyst will balance these two
regimes such that the barriers are low enough to be overcome and that the adsorbed
molecules may diffuse and desorb from the surface [45]. Chen et al., [45] studied the
catalytic activity of different atomic ratio of Au and Pd bimetallic NPs for the reduction
of 4-NP by synthesize AuPd NPs supported on graphene nanosheets (GNs). They reported
that the activity of bimetallic AuPd/GNs catalyst was higher than monometallic Au/GNs
and Pd/GNs catalysts by a factor 8 and 5 respectively attributed to the synergistic effect
of Au and Pd species. Moreover, among all these catalysts, AuPd with molar ratio (1:1)
express the highest activity. Similar ratio for AuPd was reported for the same reaction by
Fang and co works [41] who synthesized AuPd bimetallic nanoparticles deposited on an
ultrathin graphitic carbon nitride nanosheets. However, recent work has done by
Srisombat et al., [46] reported different ratio for AuPd bimetallic where the highest
catalytic activity of bimetallic was obtained with the ratio 1:4. They concluded that the
catalytic activity strongly depends on AuPd particle size more than the chemical

constituents.

It has been known that the shape and size of mono and bimetallic nanoparticles are strictly
dependent on the preparation methods and conditions and affect the physicochemical
properties of the final nanomaterial. Metal nanoparticles have been synthesized by
several methods so far, to the best of our knowledge, only few studies have been reported
using of sol-immobilisation method for this reaction and focusing on preformed
bimetallic nanoparticles, although its advantages over other preparation methods (see
Chapter 1). Sol-immobilisation method using PVA and NaBHj as stabilising and reducing
agents, respectively, is an effective method to prepare small metal nanoparticles with a
narrow particle distribution, compared to conventional techniques such as wet
impregnation and deposition-precipitation. Rogers et al., [13] prepared monometallic
1%Pd/TiO2 by sol-immobilisation method using PVA and NaBH4 for the hydrogenation
of 4-NP to 4-AP and they reported high activity compared to the other catalysts prepared
by different methods. For example, the turnover frequencies (TOFs) for 1%Pd/TiO: in
their work was 247 hrt, while Sun et al., [47] reported TOF of 70 hr for a 5 wt. % Pd/C,
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indicating lower activity than the 1% Pd/TiO: catalyst preparing by sol-immobilisation

method.

This work describes the design and pre-formed colloidal AuPd nano-particles with a
narrow metal particle size distribution via a sol-immobilisation method. These pre-formed
nanoparticles were immobilised on TiO (P25) to prepare AuPd/TiO, with different AuPd
atomic ratio. This work will therefore focus on evaluation of the catalytic performance
using supported bimetallic AuPd nanoparticles and by varying in a systematic way Au/Pd
molar ratios. Sodium borohydride has been used as reducing agent under mild reaction
conditions. In this study, the experimental parameters (e.g. 4-nitrophenol, NaBH4 and
catalyst concentration, stirring rate and Au/Pd molar ratio) have been optimized to

achieve the best catalyst performance.
3.2. Experimental

3.2.1. Catalyst preparation

The sol-immobilisation method described in detail in Chapter 2 (Section 2.3.2), was used
to prepare monometallic Au/TiO,, Pd/TiO2 and bimetallic AuxPd1«/TiO catalysts with
different nominal molar ratios denoted as AuxPd1«/TiO2( where x = 0.87, 0.75, 0.5, 0.25,
and 0.13.) The total theoretical metal loadings on the TiO. support for both the
monometallic Au, Pd and bimetallic AuPd in this Chapter were chosen to be 1 wt. %.
Table 3.1 presents all the prepared catalysts and an abbreviated notation used for all
through this Chapter.

Table 3.1 Details of the monometallic Au/TiO2, Pd/TiO, and AuxPd1x/TiO>.

Sample notation A %Pd
(mol/mol) (mol/mol)

AU/TiO; 100 -
Auo.13Pdo.s7 /TiO2 13 87
Aug 25Pdo 75 /TiO; 25 75
AuosPdos/TiO2 50 50
Auo.75Pdo.25/TiO2 75 25

Al g7Pdo.13/TiO2 87 13
Pd/TiO> - 100
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3.2.2. Catalyst characterisation

The catalysts were characterised using powder X-ray diffraction (XRD) for phase
identification, crystallinity and crystallite size, X-ray photoelectron spectroscopy (XPS)
for the identification of metal oxidation state, surface ratio of Au/Pd, transmission
electron microscopy (TEM) for particle size and size distribution, Surface area
measurements (BET) and scanning electron microscope (SEM) equipped with (EDX) for
morphology and determination of elemental composition. Microwave Plasma Atomic
Emission Spectroscopy (MP-AES) for bulk determination of total metal loading and also
for determination of leaching after the reaction performed. UV-Vis Spectroscopy used to
assess the reduction of metal precursors and formation of colloidal metal nanoparticles
(presence and absence of plasmon peak of Au). The experimental procedures for all of

these techniques is described in Chapter 2.

3.2.3. Catalytic reactions

The catalytic performance of the synthesized catalysts was evaluated in the reduction of
4-NP by NaBH4 as a model reaction. The reaction was carried out under mild conditions
using water as the desired solvent, temperatures of 30°C and atmospheric pressure under
constant stirring (1000 rpm). To maintain a pseudo-first order reaction Kinetics, a large
excess of NaBH4 over 4-NP was used (optimized molar ratio of NaBH4/4-NP = 30). A
typical reaction procedure is the following, 5ml of NaBH4 (0.03 M) is added to a batch
reactor that contains catalyst and the aqueous solution of 4-NP (45 ml, 1.35x10** M, 4-
NP/metal molar ratio = 13). The total volume of the reaction mixture was 50 ml. At different
time interval (min), aliquot from the reaction mixture was then withdrawn using 1 ml
syringe equipped with a filter (0.45 pm pore size) and transferred into the UV cuvette for
a UV-Vis measurement. Subsequently, the UV-Vis spectra (in the range of 200 — 800 nm)
were recorded and the concentration of 4-NP traced from the decay of the absorption band
centred at 400 nm. Based on the calibration curve of standard solution of 4-NP, which
previously described in Chapter 2, the molar extinction coefficient was estimated for 4-
NP to be 18620 M cm™. Finally, the concentration of 4-NP, as a function of time during
the catalytic reaction, was calculated using the Beer’s Lambert’s law equation as

discussed in Chapters 2.
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3.3. Results and discussion

3.3.1. UV-Vis spectroscopy

The UV-Vis spectroscopy was used during the formation of Au and Pd colloids to monitor
the extent of reduction of the respective metal salt precursors. In particular, UV-Vis
spectroscopy was used to evaluate the Au surface plasmon resonance (SPR) band, which
is not observed for Pd nanoparticles (Pd NPs). Figure 3.1(a) shows the UV-Vis spectrum
of the HAuCI4 precursor, with a peak at 222 nm, indicative of the ligand to metal charge
transfer in [AuCl4] [48]. After reducing the Au salt precursor by NaBH4 as a strong
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Figure 3.1 UV-Vis spectra of (a) HAuCl4 precursor before chemical reduction and the Au
sol generated after chemical reduction of the salt by NaBH3 in the presence of PVA. (b)
K2PdCls precursor before chemical reduction and Pd sol generated after chemical
reduction of the salt by NaBHj in the presence of PVA.

reducing agent, and stirring for 30 minutes, the 222 nm band disappears, and a new broad
band appears at ~ 500-510 nm. The presence of the SPR band indicates that Au
nanoparticles have been formed and the Au particle size is small. This result is in
agreement with reported data which suggested that the surface plasmon band position,
bandwidth and intensity of Au NPs are affected by its size and shape, small Au particles
have broader spectra than larger particles [49,50]. In contrast to gold, palladium metallic
sol displays no surface plasmon band (Figure 3.1b) [51]. The Pd NPs were formed after
30 minutes of stirring with PVA and NaBH4 and it was confirmed by the disappearance
of the Pd salt precursor peak after reduction (A max =210 and 425 nm) as has previously
been reported [52,53].

The next step was to synthesise AuPd nanoparticles by varying the AuPd molar ratio
using NaBHa4 in the presence of PVA. The obtained UV-Vis spectra of bimetallic colloids
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prepared with different Au/Pd molar ratios are illustrated in Figure 3.2. The UV-Vis

spectra of the AuPd sols indicates the disappearance of the gold surface plasmon band as
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Figure 3.2 UV-Vis spectra of the AuPd sols prepared with different Au/Pd molar ratios,
generated after chemical reduction of the HAuCls and K2PdCl4 salts by NaBHa in the
presence of PVA.

previously reported for this system by several studies [42,52,54]. This is a phenomenon
commonly found in the formation of sols of bimetallic nanoparticles where one of the
component metals lacks a surface plasmon band. Deki and co works [55] synthesised
nano-sized AuPd bimetallic with various compositions dispersed on a polymer thin film
matrix and they concluded that the progressive decrease of the Au plasmon band in the
UV-Vis spectra observed by increasing the Pd content was the result of changes in the
band structure of the Au particles due to alloying with Pd. These results suggest the
formation of bi-metallic nanoalloys, which is in agreement with reported data by

Hutchings et [53].

3.3.2. MP-AES analysis

MP-AES Analysis was used to determine the actual Au, Pd and AuPd metal loading
immobilised onto TiO», following a theoretical (nominal) metal loading of 1 wt. % in all
cases. The actual loading of Au and Pd in all the catalysts as obtained from the MP-AES
analysis is illustrated in Table 3.2. The data of MP-AES confirm that the metal loading
of all the samples is close to the expected nominal value. In addition, these results imply
that the AuPd ratio can be easily tuned by adjusting the ratio of precursors during

preparation.
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Table 3.2 MP-AES data for Pd/TiO2, Au/TiO2 and AuxPd1x/TiO> catalysts.

Catalyst Metal loading wt. % Au/Pd ratio (mol/mol)
AU/TiO; 0.99 100:0
AUo.13Pdo g7 /TiO 0.96 11:89
Ao 25Pdo.75 /TiO 0.97 27:73
AuosPdos/TiO: 0.95 51:49
Auo.75Pdo 25 /T1O2 0.98 76:24
AU 87Pdo.13/TiO; 0.97 84:16
Pd/TiO2 0.94 0:100

(i) Each result is average of three readings. (ii) %RSD for all results is = 0.8.

3.3.3. SEM-EDX analysis

SEM-EDX was used to characterize the surface morphologies, dispersion, homogeneity
and the elemental composition of all prepared catalysts. Representative examples of SEM
images of Au/TiOz, Pd/TiO2 and AuosPdos/TiO2 catalysts are shown in inset of Figure
3.3. The support was the dominant in all images and shows an irregular shape. Au or Pd
NPs were not observed which could be due to the lower resolution of SEM and the fact
that these metals are expected to be less than 10 nm as a result of using the sol-
immobilization method [56]. However, the presence of Au and Pd NPs were detected by
Energy dispersive X-ray spectroscopy (EDX). EDX analyses were also conducted to
determine elemental composition and confirm the presence of Au and Pd NPs on the
support surface for all prepared catalysts (see Figure 3.3 as a representative of the EDX
measurements). The corresponding EDX data are shown in Table 3.3. The results show
that Au and Pd NPs were successfully loaded onto TiO» support with uniform distribution
and the ratio between Au and Pd NPs is in good agreement with MP AES results.

Table 3.3 EDX data for Au/TiO2, Pd/TiO2 and Auos Pdos/TiOo.

Catalyst Metal loading wt. % Au/Pd ratio (mol/mol)
AU/TIO; 0.96 100:0
AUo.13Pdo g7 /TiO 0.98 09:91
Auo 25Pdo.75 /TiO2 0.99 20:80
AuosPdos/TiO2 0.98 52:48
AU 75Pdo.25 /TiO2 0.98 74:26
Auo.g7Pdo.13/TiO2 0.97 86:14
Pd/TiO> 0.98 0:100
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Figure 3.3 EDX patterns with corresponding SEM images (inset) of (a) Au/TiO2, (b)
Pd/TiO2 and (c) AuosPdo.s/TiO2 samples as representative examples.

3.3.4. XRD analysis

Powder XRD was conducted for the bare support TiO2 (P25), Au/TiOz, Pd/TiO2 and a

range of bimetallic catalysts AuxPdi«/TiO: to determine the crystallinities and phase
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purities. The XRD patterns for bare support TiO2, Au/TiO2, Pd/TiO2 and AuxPd1«/TiO:
are illustrated in Figure 3.4. The assignments of diffraction peaks for metallic Au would
be expected at 20 = 38.°, 44.°, 64° and 77° were (111), (200), (220) and (311) planes,
respectively, agreement with (JCPDS No. 04-0784) [57]. Also, diffraction peaks of
metallic Pd are expected to be 6=40.4°, 46.9°and 68.6°, which corresponding to the Pd
(111), (200) and (220) phases, respectively, (JCPDS No. 01-087-0645) [58]. The main
diffraction peaks of metallic Au and metallic Pd are expected would be expected at 26
that indicated by the solid and dashed lines vertical lines in Figure 3.4. It can be seen from
Figure 3.4 that the Au or Pd diffraction peaks were not detected because of the smaller
crystallite size that is lower than detectability limit of XRD (<5 nm), which is in
agreement with TEM results, where the particle sizes of these metals are in the range of
1- 4 nm. Such observation is also in good agreement with previous results [13,28].
Moreover, the high metal dispersion on the TiO2 support could also contribute to this

observation which is consistent with the data obtained by SEM-EDX.

On the other hand, the support used in present work is commercial TiO2 (P25) consisting
of mixed anatase 85 % and rutile 15%. The diffraction peaks corresponding to the TiO>
were clearly detected at 27.5°, 36.2°, 54.5° and 69.2° for the rutile phase (JCPDS No. 21-
1276) [59], whereas diffraction peaks corresponding to anatase phase TiO2 could be
observed as characteristic peaks at 26=25.3°, 48.0°, 53.8°, and 62.6° (JCPDS No. 21-
1272) [60]. Clearly, from Figure 3.4 that all the catalysts show the same powder XRD
pattern consistent with that of the TiO2 support, which implies that no new phase was
formed during the catalyst preparation step. This suggests that the nanoparticles were

adsorbed onto the TiO, surface and were not integrated into the TiO- lattice.

+ Anatase |
% Rutile

I

10 20 30 40 50 60 70 80
20 (degree)
Figure 3.4 XRD patterns for; a) bare TiO2, b) Au/TiOz, ¢) Pd/TiO2 and d) AuxPd1x/TiO>
The position where diffraction peaks due to Pd (dashed lines) and Au (solid lines) are
marked on the diffractogram.
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3.3.5. Surface area measurement (Sger)

The total surface area can often play an important role in determining the catalytic
performance of a catalyst [58]. In this study, the surface areas of the synthesized catalysts
were measured in order to know the effect of total surface area on catalytic reaction. The
BET surface Area and pore volume for the bare support TiO2 and of the final catalyst
presented in Table 3.4. The calculated and measured surface area values show that no
substantial difference in surface area and porosity due to metal deposition. These data are
similar to the work that has been reported by Cattaneo et al., [28] who synthesized mono
and bimetallic AuPd supported on TiO. with same metal loading (1%) via sol-
immobilisation method. Therefore, in this work, the surface area and porosity of catalysts
were not considered as an important factor to distinguish between their catalytic activities

toward 4-NP reduction reaction.

Table 3.4 BET analysis of bare TiO2, Au/TiO2, Pd/TiO2 and AuxPd1x/TiOx.

Catalyst Sger (M#/Q) Pore volume (cm3g?)
TiO> 60 (% 2) 0.36
AU/TIO: 58.7 £3) 0.33
Pd/TiO; 55 £1) 0.34
AuxPd1/TiO, (56-58) +4) 0.32-0.35

3.3.6. XPS analysis

It is well reported in literature that in addition to particles size, the oxidation state and
surface composition of the supported AuPd metal are also could affect the catalytic
performance [61,62]. Therefore, XPS analyses have been carried out for the synthesized
catalysts to study the oxidation stat, surface composition and indicating alloy formation,
the obtained spectra were shown in Figures (3.5, 3.6 and 3.7). The XPS profiles of TiO>
is illustrated in Figure 3.5, and it can be showed that the Ti 2ps2 and Ti 2p1/2 Spin-orbital
splitting photoelectrons for all samples can be seen at binding energies of 458.54 eV and
464.23, respectively. It is evident from Figure 3.5 that the Ti 2p (3/2) spectra show that
the deposition of the NPs does not alter the oxidation states of Ti, which remained to be

Ti*" in all cases. These data are in accordance with data obtained by Yang et al., [63].
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Figure 3.5 XPS core level spectra of Ti(2p) for TiOo.

The XPS data for Au4f spectra of all supported mono and bimetallic catalysts shown in
Figure 3.6. For the whole series of samples, Au4f NPs (Au®) can be identified by two
XPS peaks, which are assigned to Au 4f7,2 and Au 4fsj2, [64]. The binding energy for Au
4f712 peak in all catalyst was between 83.5- 83.1 eV, confirming that Au is in the metallic
state [28,65]. This is consistent with the literature that, sol-immobilisation method creates
mono and bimetallic particles where it consists AuPd alloy with both Pd and Au in metallic
state [66,67]. This could be due to the fact that the presence of the ligand - polyvinyl alcohol
(PVA)- which may cover the active metal as protecting agent and therefore possibly stabilize

the accessibility of the metal.

For the monometallic Au/TiO2 sample, the binding energy of Au 4fs, was 83.5 eV,
which is lower than that of bulk gold (84.0 eV) [28]. This slight decrease in binding
energy of Au 4f7;> can be attributed to particle size effects and charging of Au particles
(the presence of Au with a partially negative charge, Au®"). The decrease in the Au 4f7
binding energy was observed in number of studies [68—71] at a wide range from —0.2 to
—1.2 eV. Radnik et al., [71] considered the reduced coordination number of Au atoms as
the main reason of the negative binding energy shift and related it to the degree of
rounding of Au nanoparticles which is dependent on the particle—support interaction. In
addition, the authors did not exclude the process of electron transfer from the support to
the Au particle as a possible contribution to the decrease of the Au 4f72 binding energy.
Arrii et al., [72] have further developed the idea that particle-support interactions play a
crucial role. They suggested that the shift of the Au 4f7. peak towards lower binding
energy can be better explained by an initial state effect associated with electron transfer

from Ti®* surface defect states to Au clusters.
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Figure 3.6 XPS core level spectra of Au(4f) for Au/TiO> and the series of AuxPd1-x/TiO>
catalysts; nominal Pd/Au ratios are as indicated.

Similar to the monometallic, the binding energies of Au(4f) in the all bimetallic AuxPd:-
x/TiO2 catalysts show a negative shift to lower energy than the expected bulk value of
AP (84.0 eV) as expected when forming the alloy [28]. The corresponding Au XPS

binding energies and their chemical shifts showed in Table 3.5 for the various
concentrations studied. As shown in Figure 3.6 and Table 3.5, upon addition of Pd, the
Au 4f peaks are further shifted negatively and this shift increases with increasing Pd/Au
ratio. Therefore, the Auog7Pdo.13/TiO> catalyst has a lower concentration of Pd which
exhibited binding energy at 83.37eV with shifting 0.63 eV than bulk Au 4f. Whereas, the
most pronounced shift by 0.9 eV was occurring in the bimetallic catalyst with higher
amount of Pd which is Auo.13Pdo.s7 /TiO2. Regarding previous studies [52,56,57], binding
energy of both Pd and Au tends to decrease when forming the alloy. Furthermore, particle
size can have an effect as well on the binding energy of metals [58].

Table 3.5 The binding energies (BE) and their chemical shifts of Au(4f72) and Pd(3ds2)
for all synthesized catalysts.

Audfs, Pd3ds/,

Catalyst Be ShiftinBe (V) Be __ Shiftin Be (eV)

AU/TiO, 83.5 0.5 - -
Auo.g7Pdo 13 /TIO2 83.37 0.63 334.56 0.84
AU 75Pdo 25/ TiO> 83.35 0.65 334.64 0.76
AuosPdos/TiO2 83.31 0.69 334.69 0.71
AUo.25Pdo.75 /TiO2 83.22 0.78 334.77 0.63
Auo.13Pdo g7 /TIO2 83.1 0.9 334.89 0.51

Pd/TiO- - 334.99 0.41

(i) Be of bulk Au 4f72 peak= 48 eV and (ii) Be of bulk Pd3ds, peak= 335.4 eV
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On the other hand, the Pd(3d) XPS spectra of the all catalyst can be identified by two
peaks assigned to Pd 3dsp, and Pd 3ds2 [73]. The oxidation state of Pd 3d was found on

the surface of all bimetallic catalysts in the metallic state (Pd°), while monometallic
Pd/TiO: catalyst displayed a mixture of Pd® (334.99 eV) and Pd" (337 eV), and the ratio
(Pd"/Pd° ) was 20 % (see Figure 3.7). These data were similar to the recent study by
Rogers et al., [13], who synthesized Pd/TiO: via sol-immobilisation method and found
that the catalyst sample contained two types of Pd (i.e. Pd" and Pd®). The XPS data for
Pd3d spectra of supported mono and bimetallic catalysts with different Pd/Au ratios are
shown in the Figure 3.8. These results show that the binding energy of Pd3ds.. peak for
mono-and Bi-metallic catalysts at about (334.99 -334.56 eV) which are lower than that
of bulk Pd at about 335.4 eV( see Table 3.5) [74]. Furthermore, the binding energies of
metal Pd had a negative shift with the increase of Au loading amount in the AuPd alloy,
resulted in enhanced electronegativity of the nanoparticles, reflecting electron transfer
between Pd and Au [73].The binding energy for Auo.13Pdo.s7/TiO2, which has 13% of Au,
at 334.89 eV, was shifted by( -0.51 eV), while after increased the amount of Au to 87%
in the Auo.g7Pdo.13 /TiO> catalyst, a further negatively shifted in the binding energy was
observed by (-0.84 eV) and the peak was at 334.56 eV. Moreover, it has been clearly
shown that upon addition and promotion of Au, the original Pd feature is gradually
weakened, and a new Pd feature at lower binding energy emerges and grows up, these
date in agreement with Wang et al., [54].

Intensity (a.u.)

350 345 340 335 330
Binding energy (eV)
Figure 3.7 XPS core level spectra of Pd(3d) for Pd/TiO, catalyst.

This observation negative shift in binding energies for Au(4f) and Pd(3d) in the bimetallic
AuPd has been studied and some authors have related this negative shift to the change in

electronic structure as a function of cluster size [68,72]. Other authors attributed it to (i)
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electron transfer from the support to the nanoparticles [54], or (ii) charge transfer from

Pd to Au, increasing the s-state occupancy for Au and indicating alloy formation [75],
this could be a result of strong interaction between Au and Pd as observed in PdAu alloys
[54,76]. Very recent study by Chen et al., [73] have proved the previous mechanism for
electron transfer between Pd and Au that suggested by Lee et al., [48] and Yi et al., [73].
They studied the properties of Pd-Au bimetallic catalysts and found negative shifts of
binding energies in the bimetallic Pd-Au particles and proposed a charge compensation
model that Pd loses sp-electrons and gains d -electrons while Au gains sp-electrons and

loses d-electrons.
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Figure 3.8 XPS core level spectra of Pd(3d) for Pd/TiO2 and the series of AuxPdi«/TiO>
catalysts; nominal Pd/Au ratios are as indicated.

3.3.7. TEM analysis

It has been reported that the catalytical activity of supported metal NPs (e.g. Pd, Au, Ag
etc.) are directly linked to their particle size [22], shape[77], morphology[78], and
composition[79]. Therefore, transmission electron microscopy (TEM) analysis is very

essential to discover these features.

The TEM images show good distribution of the Au and Pd particles immobilized on the
TiO: support with no obvious sign of aggregation of the Au and Pd nanoparticles and
relative good dispersion. Moreover, the shape of the particles is almost spherical for all
catalysts. As shown in the inset of Figure 3.9 (a &b), monometallic Au/TiO2and Pd/TiO>
resulted in a narrow particle size distribution in the range from 1 to 6 nm with an mean
particle size of 2.60 and 2.62 nm, respectively. The mean particle size of all the supported
bimetallic AuxPd1-x nanoparticles were between 2.07 (0.61) — 3.20 £ 1.10 nm. The TEM

for AuosPdos/TiO: catalyst show a uniformly distributed on the support with a narrow
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size particle distribution from 2 to 4 nm with a smaller mean particle size of ~2 nm. The
TEM for AuosPdos/TiO: catalyst show spherical AuPd NPs with narrow size distribution
uniformly distributed in high dispersion on the TiO2 and exhibit a smaller mean particle
size of ~2 nm. These results in good agreement with recent study by Cattaneo et al., [28]
who synthesized AuosPdos/TiO2 with small mean particle size ( 2.1 nm) by using sol-
immobilisation method. The mean particle size of all catalysts is summarised in Table
3.6. As we can observe from this table that the mole ratio of (1:1) is the optimum of

obtaining small metal particle size.

Table 3.6 Mean values (nm) obtained by TEM of the supported monometallic and

bimetallic catalysts.

sample Mean particle size (nm) Std-dev
AU/TiO, 2.60 0.88
Pd/TiO; 2.62 0.92
AUo.g7Pdo.13/TiO2 2.57 0.71
Auo.75Pdo 25/ 1O 3.20 1.10
AuosPdos/TiO2 2.07 0.61
Aug 25Pdo 75/ TiO 2.85 0.72
Auo.13Pdos7/TIO 2.64 0.82
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Figure 3.9 TEM images and metal particle distribution (inset) of different bimetallic
compositions a) Au/TiO2 b) Pd/TiO2  ¢) Auog7Pdo13/TiO2 d) Auo.7sPdo.2s/TiO2 €)
Auos5Pdos/TiO2 f) Aug.2sPdo.7s/TiO2 and g) Auo.13Pdo.g7/TiOx.
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Particle Size (nm)

Figure 3.9 (continued) TEM images and metal particle distribution (inset) of different
bimetallic compositions a) Au/TiO2 b) Pd/TiO2 c¢) Auo.s7Pdo.13/TiO2 d) Aug.75Pdo.25/TiO2
e) AuosPdos/TiO2 f) Auo.25Pdo.75/TiO2 and g) Auo.13Pdo.g7/TiOo.
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3.4. Reduction of 4-nitrophenol by NaBH4

The reduction of 4-Nitrophneol was conducted under very mild conditions at 30 °C and
atmospheric pressure using an excess of freshly prepared NaBHs (NaBH4/4-NP = 30
molar ratio) as a reducing agent under alkaline conditions. Upon addition of NaBH4 to
the system, 4-NP is converted to 4-nitrophenolate anion. The 4-NP peak moves from A
317 nm to A400 nm and the colour of solution changes from light yellow to dark yellow,
indicating the presence of the 4-nitrophenolate anion ( Figure 3.10) [80]. This peak
remains unaltered over time, which suggests that the reduction does not proceed in the
absence of a catalyst, as reported by several authors [83-85]. It could be explained by that
the Kinetic barrier between nitrophenolate anions and borohydride ions is too high for any
reaction to occur between them in the absence of a catalyst, as discuses early. Hence, this
reaction has been chosen to evaluate the catalytic activity of the prepared NPs [12,80].

a) [ 4-NP+NaBH, ] b) 2.5 4-nil(r:0p0h:nm‘;m°
N\ 8 2.0- 4-Nitrophenol
§ 1.5- (317 nm)
4-NP . -
4AP o 1.0
LR '
- | 0.0 -
e e — : ~— 300 400 500

Wavelength (nm)

Figure 3.10 a) Image for colour change during catalytic reduction of 4-NP to 4-
aminophenol by NaBHas. b) An example of UV-Vis spectra of aqueous 4-NP solution
(blue line) and aqueous 4-NP solution (4-nitrophenol ion) in the presence of sodium
borohydride (red line)

A significant reduction of the peak at A 400 nm is observed after addition of catalyst,
along with the development of a peak at A 300 nm (Figure 3.11a) and color change to be
colourless, indicating the formation of 4-aminophenol (Figure 3.10a). In order to maintain

the pseudo first-order condition, the concentration of NaBHa is much higher than 4-NP,
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so it essentially remains constant during the reaction and also to prevent aerial oxidation

of 4-AP [84]. The total reduction reaction is summarized in Equation 3.1 [21].

NGO, NH,
The reaction can be split into two parts: the hydrogen radical production from borohydrite
by electron transfer (Equation. 3.2) and the addition of protons to 4-NP while removing
oxygen (Equation. 3.3). These reactions can proceed almost independently.

BHy + 2IH,0 — = BOs 4H, Eq. 3.2
O 0
| |

["’ ..Ht:‘:?} C3H, Catalyst - X + 2H,0 Eq. 33
1;03 ;Ht

The reaction rate depends on 4-NP and NaBH4 concentration. In order to ensure pseudo-
first-order reaction conditions, excess NaBH4 was used in the reaction therefore the
reduction rate is independent of borohydride concentration [83]. So, in this case, pseudo-
first-order Kinetic with regard to the 4-nitrophenolate concentration could be applied to
evaluate the catalytic rate [82,83]. Therefore, the kinetic equation of the reduction could

be shown as

In[C,] = In[C,] — Kt Eq. 3.4.

Where Kapp is the apparent rate constant, Ctis the 4-NP concentration at time t during the
reaction, and Co is the initial 4-NP concentration.
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According to the Equation 13.4 and from the graph in Figure 3.11 b, K., which is the
apparent rate constant that dependent on the concentrations of 4-NP only and not on the
concentration of applied catalyst or NaBH4 can be determined by the slope. Figure 3.11b

displays a short time frame (the induction time (t0) with no change in absorption).

(a) 4-Nitrophenolate (b) to
K
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Figure 3.11 (a) UV-Vis spectra collected during the catalytic reduction of 4-NP with
NaBHs using Au/TiO- catalyst in the range of 250 to 600 nm, where the 4-nitrophenolate
absorbance peak at 400 nm decrease with time and (b) example for the first order kinetic
graph

Several reports confirmed that 4-aminophenol (4-AP) was the sole product of reduction
of 4-NP and no side reaction occurred [85-87]. Figure 3.11a show that aminophenol (4-
AP) exhibits a weak absorption peak at around 300 nm and several isosbestic points
indicate that there are no side reactions takes place and that only one product is formed.
To further confirm this observation, the reaction media after 100 % conversion has been
analysed by gas chromatography equipped with mass spectroscopy (GC-MS) and the
results confirmed that the 4-aminophenol was the sole product of the reaction (see

appendix Figure Al).
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3.4.1. Optimization of the reaction conditions

The reaction parameters such as stirring rate and the catalyst concentration on the catalytic
activity have been optimized to determine the optimum conditions to carry out the
reaction under Kinetic regime control (diffusion and mass transfer regime). Moreover,
the influence of 4-NP and NaBHa concentration have been investigated to maintain the
pseudo first-order condition and to understand the mechanism of the catalytic reduction
of 4-NP with NaBHa.

3.4.1.1. Effect of 4-nitrophenol and NaBH4 concentration

To understand the mechanism of the catalytic reduction of 4-NP with NaBH4 and to
maintain the pseudo first-order condition, the influence of two reactants concentration
(i.e. 4-NP of NaBH4) on the 4-NP reduction was investigated in depth by varying the
concentration of either 4-NP or NaBHas, while keeping all other conditions constant.
Figure 3.12 shows the range of concentrations used, with (a) showing the 4-NP

concentrations and (b) showing variations in sodium borohydride concentration.
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Figure 3.12 Apparent rate constant Kapp Versus the concentration of; (a) 4-NP and (b)
NaBHs. Reaction conditions: 9.2 mg of Au/TiO2, 30 °C, 1000 rpm. The concentration of
4-NP varies between [(0.2 — 1.7) x10* M] with a constant concentration of NaBH, [0.04
M].

First, a wide 4-NP concentration regime (0.2 — 1.7 x 10* M) was tested with NaBH, at
constant concentration. Second, a range of NaBH4 concentration (0.006— 0.06 M) with
constant 4-NP concentrations was examined. The concentration of the catalyst is kept
constant on the all experiments. The trends of the graphs obtained are similar to those
reported by several authors [21,87,88]. Study of the dependence of the apparent rate

constant on the 4-NP and sodium borohydride concentrations in Figure 3.12 makes it clear
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that the rate constant decreases as 4-NP concentration increases and attains its highest
level when borohydride concentration increases to a certain limit. Moreover, Figure 3.12
shows a definite non-linear dependence for variations in both concentrations — at high

concentrations.

These observations firmly support the heterogeneous surface catalytic reaction for 4-NP
reduction. The high concentration of 4-NP results is nearly full surface coverage. This
slows down both the reaction with borohydride ions and the injection of electrons onto
the metal surface. The nonlinear relation of Kapp to the borohydride concentration, as well
as the saturation at high concentrations, directly indicate that the reactants are competing
for the reactive sites on the metal surface and the reaction follow closely the Langmuir—
Hinshelwood mechanism in agreement with several publications [12,21,89,90]. This
means that there should be an optimal concentration where the reaction rate is at a

maximum.

3.4.1.2. Effect of stirring speed

Generally, mass-transfer limitations play an important role for a valid [92] determination
of the reaction rate of liquid-phase catalytic hydrogenation reactions [91]. Therefore, the
effect of stirring speed on the reduction of 4-NP over Au/TiO2 was investigated to study
the effect of mass-transfer limitations on the reaction rate, the obtained data is shown in
Figure 3.13. From the Figure 3.13, it can be seen that below stirring speed of 1000 rpm
the reaction is under the influence of diffusion limitation, however, beyond 1000 rpm the

reaction process is outside the influence of diffusion and control by the rate of the
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Figure 3.13 Effect of stirring speed on the reduction of 4-NP over Au/TiO2. Reaction
conditions: 4-NP/metal molar ratio = 13, NaBH4/4-NP molar ratio = 30, T = 30 °C, stirring
speed = (400 - 1200) rpm.
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reaction. This implies that the reaction rate must be investigated at a speed of at least 1000
rpm. Therefore, it can be assumed that under these conditions external mass transfer is
not limiting the reaction rate. Therefore, a stirring speed of 1000 rpm has been selected

for subsequent studies.

3.4.1.3. Effect of catalyst amount

The catalyst amount can kinetically and mechanistically be affected the reduction of 4-
nitrophenol. In the case of heterogeneous catalysis, the reaction rate generally increases
linearly with the amount of catalyst [58,60, 61, 70, 87]. However, such study is useful to
avoid the effect of mass transfer limitations. The influence of catalyst amount on the
catalytic reduction rate of 4-NP by NaBH4 was studied by different amounts of Au/TiO>
(2-10 mq). Figure 3.14 displays the effect of catalyst amount on the catalytic activity of
4-NP reduction. The rate constant obtained from the slope of the kinetic curves has been
related to catalyst dose, while keeping other parameters such as the initial concentrations
of 4-NP and borohydride constant. It is evident from Figure 3.14 that the apparent rate
constant is found to be increased from 0.03 to 0.14 min! with increase in catalyst amount
from 2 to 10 mg and showed a linear relationship as reported by several authors
[21,87,88]. A linear dependency of this sort may show an absence of external mass
transfer that there are no limitations on bulk diffusion. Therefore, in the present study a
higher substrate to metal ratio was used for all experiments (4-NP/metal molar ratio =
13).
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Figure 3.14 Effect of catalyst mass on the reduction of 4-NP using Au/TiO>. Reaction
conditions: [2-10 mg] of Au/TiOz, 4-NP [1.35x10** M], 5 ml NaBH, [0.04 M], T=30°C,
stirring rate =1000 rpm.
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3.4.2. Catalytic activity of monometallic Au/TiO2 and Pd/TiO-

After establishing the reaction conditions (4-NP and NaBH4 concentration, stirring speed
and the catalyst concentration) and adjust them to the optimum values, a screening of the
monometallic catalysts Au/TiOz and Pd/TiO2 and bimetallic catalysts AuxPd1«/TiO2 with
different Au and Pd molar ratio was performed. The catalytic activity of the Au/TiO, was
studied for 4-NP reduction by using NaBH3 as reducing agent. Figure 3.15 illustrates the
4-NP conversion and Ln[4-NP] as a function of time in the presence of Au/TiO2. The
absorbance slope derived from Figure 3.15 shows an apparent rate constant (Kg,) of
0.14 min.
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Figure 3.15 a) Reduction of 4-NP conversion over Au/TiOz. b) In[4-NP] as a function of
time. Reaction conditions: 4-NP/metal molar ratio = 13, NaBH4 /4-NP molar ratio = 30,
T=30 °C, stirring rate = 1000 rpm.

To investigate the contribution of the reaction conditions and the catalyst support, two
blank reactions were performed — one involving no solid catalyst and the other with only
the TiO2 (P25) support material. The results of both blank experiments show that the 4-

NP is inert to NaBHys in both reactions even after a period of 24 h.

Very little details exist in the literature on the use of Au supported on TiO. for catalysing
4-NP, which could be due to the difficulty of monitoring the catalytic reaction with UV-
Vis spectroscopy in the presence of TiO2 because the absorbance of TiO: is in the same
region of the substrate leading to a lot of scattering in the UV spectra. That means non-
stirring conditions is required which are difficult to apply as it affects the homogeneity of
the catalysts in the reaction media and thus affect the total rate of the reaction. Moreover,
the reactants will suffer from mass transfer limitation as they need to diffuse to the catalyst
surface to start the reaction. Accordingly, in this work, the activity of Au/TiO, was
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investigated with high substrate/metal ratio under high stirring, 1000 rpm, by running the
reaction on batch reactor and then the catalyst was isolated by using a 0.45 pm syringe
filter before doing the measurement of the UV. Figure 3.16 show the UV-Vis spectra for

the reduction of 4-NP before and after isolated TiO, from the reaction solution.

(b)
24

4.

—
2

Absorbance
N

Absorbance

300 400 500 600 0i—

300 400 500 600
Wavelength [nm] Wavelength [nm]

Figure 3.16 UV-Vis absorption spectra of the reduction of 4-NP by Au/TiO- (a) without
filtration of the reaction sample (b) after filtration of the reaction sample.

Similar to the Au NPs, a monometallic Pd/TiO> catalyst was also used to catalyse the
reduction of 4-NP under similar reaction conditions for comparative purposes. The
reaction rate with Pd/TiO> as the catalyst is compared with the monometallic Au/TiOz

catalyst in Table 3.7.

Table 3.7 Summary of apparent rate constants of Pd/TiO. and Au/TiO: catalysts on the
reduction 4-NP by NaBHa.

Catalyst Kapp (Min 1)
AU/TiO, 0.14
Pd/TiO: 0.2

As expected, the results in the table 3.7 indicate clearly that the catalytic activity of
Pd/TiO, catalyst on the reduction of 4-NP is higher than Au/TiO; catalyst, similar to
what is obtained elsewhere [34]. Indeed, it proposed that, during the hydrogenation of
nitroaromatic compounds, the Pd clusters adsorb BH4/H> dissociative with a much lower

activation barrier than Au.
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3.4.3. Catalytic activity of AuxPdi/TiO;

Recently, it was found that addition of palladium to gold enhance the activity and
selectivity in several reactions [28,45] Generally, bi-metallic catalysts are found to be
more active than their mono-metallic counterparts therefore there is growing interest in
studying and understanding this subject [15,28] The enhanced activity can be related to
many factors such as the electronic effect of bi-metallic systems which results in an
increase in the binding of adsorbate molecules to the metal surface. Another factor is the
geometric effect where atomic arrangement on the support can enhance the activity.
Therefore, the presence of Au and Pd on the surface at different compositions influence
reaction rates and Kinetic pathways. In order to study this, a bimetallic catalyst
AUPd/TiO2 was prepared using sol-immobilization method with co-reduction of Au and
Pd on the surface at (1:1) molar ratio. The activity of the bi-metallic catalyst was

compared to the monometallic catalysts and the results are summarized in Table 3.8.

Table 3.8 A summary of Kapp of monometallic Au/TiO2 and Pd/TiO: catalysts and
bimetallic AuosPdo.s/TiO2 catalysts on the reduction of 4-NP by NaBHa.

Catalyst Kapp (Min™)
Au/TiO2 0.14
Pd/TiO: 0.2
AUosPdos/TiOz 0.38

The results given in Table 3.8 clearly showed that AuosPdos/TiO2 has superior activity
with Kapp =0.38 min™ compared to Au//TiO2 (Kapp =0.14 min!) and adding Pd to Au
enhanced the activity of the catalyst. Nanosized Pd catalysts have been shown by studies
to facilitate a new reaction pathway for the reduction of nitroaromatic compounds in
which Pd enhances the relay of hydrogen and which would not be available if Pd were
absent. There is a synergy between neighbouring Au and Pd sites in the bimetallic
catalysts that makes such new pathway possible. Pd can adsorb BH s/H> dissociative with
a much lower activation barrier than Au. Thus, activated H atoms can migrate to Au or
mixed AuPd sites located in the neighbourhood. The acceleration of hydrogen involving
reactions because metallic Pd acts as a “hydrogen relay system” is well established
[42,92]. This reaction adds protons to 4-NP while at the same time removing its oxygen.
This equation explains how hydrogen radicals are produced from NaBHa in presence of

Pd nanoparticles:
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BHs +2H,0 — BOs + 4H, (Eq 1.2)

Splitting the overall reaction into hydrogen production (Equation 1.2) and hydrogen
consumption shows the great advantage derived from having a material that, by absorbing
hydrogen, ensures the almost independent execution of these reactions. Its ability to store
hydrogen allows Pd to facilitate intermediate storage of hydrogen radicals capable of
reacting with 4-NP; at the same time, the nitro group is also activated by the catalyst.
There is no requirement for adsorption of BH4 and 4-NP to be either close to each or at
the same time. The bimetallic AuPd NPs catalysts are hydrogen relay systems as well as
electron relay systems. The metal to metal interfaces greatly improves rates of electron
transfer by Au NPs, while the Pd does the same for hydrogen. This combination of metal
to metal interfaces and Pd are what explains the catalytic ability possessed by
bimetallic AuPd catalysts, which can make possible new reaction pathways that would

not otherwise be available.

In the introduction of this Chapter, we explained how different optimum Au/Pd ratios
were observed in 4-NP reduction reaction with different supports and reaction conditions.
They linked the high catalytic activities of these optimum Au/Pd ratio to several factors
on top of these were Au and Pd particles size and the number of AuPd interfaces within
the surfaces and if they present as alloys or individuals [46,67,93]. Taking in mind, we
are aiming to investigate the optimum Au/Pd molar ratio and understand the factors that
influence its activity by using sophisticated characterization technigues such as MP-AES,
TEM, XPS, XRD, SEM-EDX, BET surface area and HAADF -STEM. A series of
AuPd/TiO; catalysts were synthesized with different molar ratio via sol-immobilization
technique and co-reduction of Au and Pd using NaBH4 as strong reducing agent. The
molar ratio of Au:Pd was varied (i.e. 0.13:0.87, 0.25:0.75, 0.5:0.5, 0.75:0.25 and
0.87:0.13), to find the optimum ratio that give the highest catalytic activity. To ensure
direct catalyst-catalyst comparison, the molar ratio of the NPs to substrate was fixed in
all the reactions (4-NP/metal molar ratio =13). This allows us to use apparent rate constant
(Kapp) for direct comparison between the catalysts without considering the amount of
catalysts used in the reaction. The values of apparent rate constant for the reaction over
AuxPd1«/TiO; catalysts with different molar ratio along with monometallic catalysts for

comparison purpose are listed in Table 3.9.
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Table 3.9 summarize of Kapp of monometallic Au/TiO2 and Pd/TiO: catalysts and
bimetallic AuxPd1x/TiO; catalysts on the reduction of 4-NP by NaBHj.

Reduction of 4-nitrophenol over AuPd/TiO; catalyst

Catalyst Kapp (Min)
AU/TIiO2 0.14
Pd/TiO: 0.2
AUo.13Pdo g7 /TiO 0.24

Auo 25Pdo 75 /T1O2 0.25
AUosPdos/TiO> 0.38
Auo.75Pdo 25/ TiO: 0.29
AUo.g7Pdo.13/TiO; 0.22

The results in Table 3.9 obviously prove that the activity of all ratio of AuPd bimetallic
for 4-NP reduction higher than monometallic catalysts. Furthermore, the catalyst activity
increases significantly from 0.14 for Au/TiO2 to 0.22 min™ in the Auog/Pdoas /TiO>
catalyst only when add small quantities of palladium to gold. Among of these ratios, the
catalyst of poor palladium (i.e. Auo.s7Pdo.13/TiO2) showed lower activity with Kapp 0f 0.22
mint. However, further addition of palladium along with gold showed a significant
increase in the Kapp till the molar ratio (1:1), where the activity reached a maximum with
Kapp 0f 0.38 min, beyond which it then progressively decreases as the palladium content
was increased. This can be shown in Figure 3.17 which shows how the molar ratio
between Pd and Au affects the apparent rate constant and showed that the highest activity

was achieved at (1:1) Pd:Au molar ratio.
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Figure 3.17 Apparent rate constant Kapp versus Pd molar ratio of the series of AuxPd:-
«/TiO2. Reaction conditions: 4-NP/metal molar ratio = 13, NaBH4 /4-NP molar ratio = 30,
T =30 °C and stirring rate = 1000 rpm.

Studying influence of Au/Pd molar ratio displayed “volcano behaviour” with (1:1) Au:Pd
molar ratio catalyst resulting as the most active catalyst toward 4-NP reduction with Kapp

of 0.38 min. The steep rise in catalytic activity is expected when the Pd is combined
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with Au which explains the left half of the volcano however this was not the case when
the Pd molar ratio is more than gold (right half of the volcano). The greater catalytic
activity of AuosPdos/TiO- catalyst can be linked to several factors such as AuPd NPs size,
synergistic effect and/or it could be related to the structure of alloys that can be formed at
this composition. According to the TEM results, AuPd NPs prepared with molar ratio of
(1:1) produced the smallest particles (~2 nm) with exhibiting the narrowest size particle
distribution from 2 to 4 nm compared with other metal ratios. However, statistically, the
difference in particle size between bi-metallic catalysts is not that significant to allow us
to draw a conclusion (the mean particle size was between 2.07 + 0.61 — 3.20 = 1.10 nm.
Another factor that can help us to understand the difference in activity is the quantity of
metal to metal interfaces in AuPd system at different molar ratio. XPS data showed that
the level of interaction between both metals increases with increasing Pd molar ratio but
it doesn’t explain the low activity of Auo.13Pdo.s7 /TiO2 which has the highest Pd molar
ratio of all catalysts. Therefore, a characterization by HAADF-STEM and EDX maps
were conducted to investigate the geometry-activity relationship of AuPd nanoparticles
on the surface of Auo.13Pdos7/TiO2, AuosPdos/TiO2 and Augs7Pdo.13/TiO.. Figure 3.18
shows the representative HAADF-STEM images and corresponding EDX mappings of
Aup.13Pdo g7 /TiO2, AugsPdos /TiO2 and  Auo.s7Pdo.13 /TiO2 nanoparticles. The results of
HAADF-STEM and EDX maps indicate the presence of single Au and Pd NPs along with
random AuPd alloys on the surface of all bimetallic catalysts. Moreover, the results show
that AuosPdos /TiO2 catalyst has rich population of AuPd alloy with ratio around 52%
while in the case of Aug13Pdos7 /TiO2 and Auos7Pdo.13/TiO2 catalysts were 25% 10%,
respectively, which could explain the highest activity of this catalyst over other catalysts.
Interface sites between Au NPs and Pd NPs were observed and distributed
homogeneously of the catalyst surface. These sites are very important for the activity of

bimetallic catalysts as described in literature.
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Figure 3.18 Representative HAADF-STEM images and corresponding EDX mappings of
a) Auo.13Pdo.g7/TiO2, b) Auo.s7Pdo.13/TiO2 and c) AuosPdos/TiO> catalysts.
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3.5. Catalyst reusability

The reusability and stability are very important aspect of catalysts when considering its
use in industry with good efficiency. Therefore, the reusability and stability of our catalyst
was investigated in the reduction of 4-NP and used catalyst has been characterized by
arrange of characterization techniques. To assess the reusability of AuosPdos/TiO2, the
reduction of 4-NP reaction has been carried out for four times under standard conditions
(i.e. T= 30 °C, stirring rate =1000 rpm) by performing the reaction in a 100 mL round
bottom flask, using 45 mL of 4-NP solution (1.35x10* M). An excess NaBH4 (5 ml, 3.6
x 102 M) and a larger amount of the catalyst in the initial experiments were added to
initiate the reaction(4-NP /Metal molar ratio = 5). After 1 min, the reaction was stopped,
and a sample was collected and analysed using a UV-Vis spectrophotometer. After
completion of the reaction, the catalyst was separated from the solution. Before reuse the
catalyst was washed with 10 mL of deionised water for 3 times. The UV-Vis spectra at 0
s was recorded using 2.7 mL and 0.3 mL of the same solutions of 4-NP and NaBH4
respectively, without the presence of catalyst. The reaction was subsequently repeated
for 4 times. Figure 3.19. illustrates the catalyst reusability for the AuosPdos/TiO- catalyst.
It is clear from this figure that the catalyst showed good stability after 4 runs, however, a
slightly losing in the activity was observed and the conversion decreased from 80% to
75% at the fourth test.
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Figure 3.19 Reusability of the catalyst Auo.sPdos/TiO2 for the reduction of 4-NP using
NaBH4. Reaction conditions: 4-NP /metal molar ratio = 5, NaBH4/4-NP molar ratio = 30,
T =30 °C and stirring rate = 1000 rpm.

In addition, the leaching of active components into the reaction medium was investigated
as follows: the reduction reaction was conducted for 1 min over AuosPdos/TiO at the

normal reaction conditions. The catalyst was subsequently removed, and the liquid aliquot
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was returned to the reactor. The reaction was run for an additional 10 min and no further
reaction took place after removing the catalyst indicating that the reaction is catalysed by
heterogeneous catalyst rather than homogenous. Furthermore, the leaching of Au and Pd
nanoparticles in the reaction medium has been also examined using MP-AES, and no Au
or Pd NPs was detected in the reaction medium after the reaction above the detection limit
of MP-AES which is 1 to 2 ppb.

Additionally, TEM and XPS analysis were used to characterise used catalyst in order to
investigate the particle size, agglomeration and also to analyse chemical composition and
oxidation state of Au and Pd NPs. The TEM images of the used catalyst (Figure 3.20)
show clearly that the AuPd nanoparticles still remain highly dispersed even after 4 cycles
without agglomeration. However, the mean particle size for AuosPdos/TiO2 used catalyst
indicate that there is a very small increase in mean particle size from 2.07 + 0.61t0 2.2 +
0.73 nm. Nevertheless, the average of AuPd particles diameter is still very small.
Regarding XPS analyses for used catalyst, both metals (i.e. Au & Pd) are in metallic state
and no significant changes in metal composition between the used and fresh catalysts
(Table 3.10).

Figure 3.20 TEM image and particle size distribution(inset) of AuosPdos/TiO2 used
catalyst.

Table 3.10 XPS quantification analysis on fresh and used AuosPdos/TiO> catalyst.

Catalyst Au:Pd ratio(mol/mol)
AuosPdos/TiO2 (fresh) 46 54
AuosPdos/TiO> (used) 53:47
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3.6. Conclusions

Mono- and bimetallic Au and Pd nanoparticles supported on TiO, have been successfully
synthesized using sol-immobilization method. For unsupported Au and Pd NPs, UV-Vis
spectroscopy data confirmed the formation of mono and bimetallic nanoparticles. MP-
AES results assessed the real metal loading of supported mono- and bimetallic catalysts
(i.e. Au, Pd, and AuPd alloy NPs) and were ranged between 0.94 and 0.98 wt%, which is
comparable to the nominal value (1 wt.%). The BET measurements of prepared catalysts
showed no significant difference in surface area and porosity. No peaks related to Au and
Pd NPs were detected by XRD due to their small particles size and high dispersion on the
TiO2. This observation is in line with TEM results where the mean particle size of all the
supported mono and bimetallic AuxPdi-x nanoparticles were found to between (2.07+0.4)
— (3.20£1.10) nm. Interestingly, the smallest AuPd NPs were found in the catalyst
AuosPdos/TiO2 with exhibiting the narrowest particle size distribution. In addition,
identification of AuPd Alloy NPs was determined using HAADF-EDX confirming that
(1:1) ratio have the highest quantity of alloy particles. The catalytic activity of the
synthesized catalysts was evaluated toward 4-NP reduction by NaBH4 as model reaction.
The reaction parameters have been optimized under kinetic regime control and found to
be: 4-NP/metal molar ratio of 13, NaBH4/4-NP molar ratio of 30, and 1000 rpm. At
optimum parameters, the Pd/TiO> was found to be more active than the Au/TiO>.
Nevertheless, bimetallic catalysts AuxPdix/TiOz2 show higher activity compared with
their monometallic counterparts. These results suggest that a small amount of Pd added
to Au is necessary to observe a synergistic catalytic effect when compared with the
monometallic counterparts. All bimetallic catalysts were found to be catalytically active
and the highest activity was obtained with the bimetallic catalyst with a (1:1) ratio of gold
and palladium nanoparticles which might be due to the presence of small particle size, the
synergetic effect between the Au and Pd NPs as well as alloying system. Finally, the best

catalyst (Auo.sPdos/TiO2) was reused for four times with constant catalytical performance.
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Chapter 4 Effect of catalyst” support on the reduction of 4-nitrophenol

4.1. Introduction

One important factor defining a catalyst is its ability to operate a given reaction, without
itself altering its chemical/electronic structure, which may lead to catalyst’s deactivation.
Immobilisation of metal active components onto a support has the advantages to enhance
catalyst’s durability and stability under operating conditions. Moreover, it provides a
strong metal-support interaction (SMSI) which minimize metal leaching and the extended
growth of dispersed active sites [1]. In addition, supports are used to reduce the mobility
of the metal nanoparticles and thus diminishing their tendency to agglomerate during the
reaction. another role of the support that has been addressed in some cases is the
possibility that the support acts actively in the reaction mechanism by redox cycling of
the support metal ions [2]. Supports such as MnO2 and CeO; and others that have a metal
with two stable redox states, such as Fe20s, could be representative examples. In this case
the cooperation of the support with gold catalysis would arise from stabilization of
positive gold species and by intervening in the reaction mechanism. SMSI between gold
nanoparticles and the support in the catalytic cycle has been claimed frequently to
rationalize the variations of catalytic activity of gold nanoparticles on different supports.
For instance, for CO oxidation it has been reported that amorphous silica is an inadequate
support for gold nanoparticles making them less active catalyst compared to other metal

oxides.

In general, the high thermal and chemical stabilities, as well as high surface areas that
porous metal oxides have, making them suitable candidates for many applications [3]. In
addition, metal oxides are abundant, easy to prepare, inexpensive and could be used as
acid-base or redox active sites to catalyse different types of reactions [19]. The most
frequently used porous support for noble metal nanoparticles is mesoporous SiO2 [6]. In
addition, other oxides, such as TiO, Al20s3, ZnO, MgO, C0304, and mesoporous zeolite
materials have been reported as supports for noble metal nanoparticles [7-10]. CuO and
NiO, as active oxides, were used as active components for the hydrogenation of 4-
nitrophenol using NaBH4 and showed remarkable performance [11]. The activity of CuO
and NiO in such reactions are assigned to the facile switch of Cu'/Cu or Ni'/Ni couples
making them could catalysts in redox reactions [11]. Similarly, they were used as supports
for monometallic nanoparticles [12,13]. However, to best our knowledge, there are no
reports of bimetallic (AuPd) nanoparticles supported onto CuO and NiO for the reduction

of 4-nitrophenol to 4-aminophenol. In addition, such bimetallic system, as found
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previously in Chapter 3, showed a remarkable activity towards the reduction of 4-NP with
the aid of NaBHg, as a reducing agent. We believe that such activity could be enhanced
by providing strong-metal support interactions between Au and/or Pd and the given
support in addition to the synergistic effect between both metals (Au and Pd) . Therefore,
we report here a comparison of AuPd bimetallic supported nanoparticles using, not only

different types of support, but also using same support with different morphology.
4.2. Experimental

4.2.1. Catalyst preparation

In this Chapter, monometallic Au and Pd, and bimetallic (AuPd) supported on copper and
nickel-based oxides were prepared using sol-immobilisation method as described in
Chapter 2 (Section 2.3.2). All theoretical loadings of monometallic (Au & Pd) and
bimetallic (AuPd) in this Chapter are 1 wt.%. For bimetallic system, the molar ratio of
Au/Pd was kept constant at value of 1 (as it was found in Chapter 3 to be the optimal
molar ratio between Au and Pd for the aqueous reduction of nitrophenol by NaBHa
(reducing agent). All catalysts in this Chapter are prepared using PVA (stabilising agent),
except for the commercial nickel oxide (NiO), as previous studies showed no deposition

of targeted nanoparticles when PVA was used as a stabiliser.

The treated nickel oxide (NiOs) was prepared by treating the commercial NiOc using urea
aqueous solution, similar to the preparation method reported elsewhere [14]. Typically,
experimental detail for this treatment is described in Chapter 2 (Section 2.3.3). All
supports and catalysts with their metal loadings and sample notation, that will be

discussed in the Chapter, are summarized and presented in Table 4.1.
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Table 4.1 Supports, metal loading and the sample notation for all catalysts.

Metal loading (wt%)

Support Metal - Sample notation
theoretical exp.?

NiO¢ Au 1 0.96 AU/NiO¢

(commercial) Pd 1 0.93 PA/NiOx
AuPd* 1 0.95 AUPd/NiO¢

NiOs Au 1 0.99 AU/NiOs

(Synthesized) Pd 1 0.97 Pd/NiO
AuPd* 1 0.98 AUPd/NiOs

Au 1 0.98 Au/CuO

CuO Pd 1 0.99 Pd/CuO
AuPd* 1 0.97 AuPd/CuO

(i) # Results (exp. wt.%) are obtained from the MP-AES analysis.
(ii) © All bimetallic AuPd catalysts have Au/Pd molar ratio = 1.
(iii) Each result is average of three readings.

(iv) %RSD for all results is = 0.8.

4.2.2. Catalyst characterisation

Due to the heterogeneity of the catalyst’s matrices, a complementary of different
techniques have been employed to unravel their chemical and electronic structures such
as; powder X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
transmission electron microscopy (TEM), Surface area measurements (BET),
Thermogravimetric analysis (TGA) and Microwave Plasma Atomic Emission
Spectroscopy (MP-AES). For experimental details for each technique, please see Chapter
2.

4.2.3. Catalytic reactions

The catalytic performance and efficiency optimization of the synthesized catalysts was
carried out in the reduction of 4-nitrophenol using NaBH4 as the reducing agent. The
reaction was performed under the typical reaction conditions in Chapter 3 (previously
optimised and showed that reaction is taken place in chemical kinetic regime). Typically,
the reaction was performed in 100 ml round bottom flask at temperature of 30 "C and
stirring rate of 1000 rpm. The amount of catalyst was suspended in 45 ml of aqueous
solution of 4-NP(4-NP/metal molar ratio = 13). To start the reaction, 5 ml of NaBH4
(NaBHa4/4-NP molar ratio = 30) was added to the reaction mixture. The total volume of

the reaction mixture was 50 ml. At different time interval (min), aliquot from the

99



Chapter 4 Effect of catalyst” support on the reduction of 4-nitrophenol

reaction mixture was then withdrawn using 1 ml syringe equipped with a filter (0.45 pum
pore size) and transferred into the UV cuvette for a UV-Vis measurement. Subsequently,
the UV-Vis spectra (in the range of 200 — 800 nm) were recorded and the concentration
of 4-NP traced from the decay of the absorption band centred at 400 nm. Based on the
calibration curve of standard solution of 4-NP, which previously described in Chapter 2,
the molar extinction coefficient was estimated for 4-NP to be 18620 M cm™. Finally,
the concentration of 4-NP, as a function of time during the catalytic reaction, was

calculated using the Beer’s Lambert’s law equation as discussed in Chapters 2 and 3.
4.3. Results and discussions

4.3.1. XRD patterns
4.3.1.1. NiO based materials

X-ray diffraction (XRD) analysis is conducted here to elucidate the stabilized phases of
bare NiO supports (as synthesised & commercial) as well as phases of supported Au and
Pd components of the prepared catalysts. Figure 4.1 shows the XRD of the commercial
(NiQ, left) and as-synthesised (NiOs, right) based materials, as indicated. Generally, the
intensity of XRD diffraction patterns observed for NiOs materials are lower than those
observed for NiOc. This suggests that NiOs having lower particle size (5.4 nm) than NiOc
(43 nm) as calculated by Scherrer equation at 26 = 43.2° (as shown in Table 4.2). For both
NiOc and NiOs supports, there are diffraction peaks attributable to NiO with face-centered
cubic phase at 37.4°, 43.2°, 62.6° and 75.5° of 20, which can be assigned to (111), (200),
(220) and (311) planes, respectively. The results suggest the successful preparation of
NiO pure bulk phase which are in agreements with the reported literature and match well
with the standard XRD pattern for NiO bulk phase (JCPDS No. 04-0835)[15].

The XRD diffraction peaks, if there is any, for metallic Au phase would be expected to
appear at 38.3°, 44.3°, 64.7° and 76.8° of 20, which are correspond to the Au (111), (200),
(220) and (311) planes, respectively, see vertical solid lines in Figure 4.1 (JCPDS No. 04-
0784) [16]. Also, the diffraction peaks of metallic Pd phase, if there is any, are expected
to emerge at 40.4°, 46.9° and 68.6° of 26, which corresponding to the Pd (111), (200)
and (220) phases, respectively, see vertical dashed lines in Figure 4.1 (JCPDS No. 01-
087-0645) [17]. Investigation in Figure 4.1, we can observe that there is no any diffraction
peak for both metallic Au or Pd phases. Thus, the XRD results suggest the confinement
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Commercial NiO As-synthesised NiO
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Figure 4.1 XRD patterns of a) bare NiO, b) Au/NiO, ¢) Pd/NiO and d) AuPd/NiO catalysts
for commercial and as-synthesised NiO supports, as indicated.

and distribution of Au and Pd phases, in all catalysts, in a nanosized form which could
not be detected using XRD analysis and will be confirmed and discussed later using TEM

results. Such observation is also in agreement with reported data [18,19].

Table 4.2 The crystallite size of bare NiO supports calculated by Scherrer’s
equation.

Support Crystallite size [nm]
NiOc¢ 43
NiOs 5

4.3.1.2. CuO based materials

The crystal structures of bare CuO and supported metal nanoparticles of Au and Pd (i.e.
AU/CuO, Pd/CuO and AuPd/CuO) were investigated by XRD and results are shown in
Figure 4.2. The diffraction peaks at 20 of 32.4°, 35.5°, 38.8°, 48.7°, 53.1°, 58.3, ,61.5°,
66.2°,68.1°,72.6°, and 75.2° can be contributed to the reflections of CuO (110), (-111),
(200), (-202), (020), (202), (-113), (-311), (220), (311) and (-222), respectively . All the
diffraction peaks are matched well with CuO bulk phase (JCPDS No. 48-1548) [8]. No
diffraction peaks could be detected for other forms of copper oxides (such as; Cu(OH)2
and Cu.0) suggesting the high purity and crystallinity of stabilized CuO phase with

crystallite size of ~ 14 nm, as estimated Scherrer’s equation.

As described previously, the position of diffraction peaks for metallic Au phase should
appear at 20 = 38.3°, 44.3°, 64.7° and 76.8° (solid lines in Figure 4.2), while for metallic
Pd phase should appear at 26 = 40.4°, 46.9° and 68.6° (dashed lines in Figure 4.2).
However, the XRD diffraction patterns of Au/CuO, Pd/CuO and AuPd/CuO catalysts are

very similar to that observed for bare CuO support and there is no any reflections for
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neither metallic Au nor Pd phases, which suggests their distribution and confinement as
very small nanoparticles and the incorporation of these metals didn’t alter the structure
of CuO support or affect its crystallinity.

Intensity a.u.,

dddaiil

10 20 30 40 50 60 70 80
20 (degree)
Figure 4.2 XRD patterns for a) bare CuO, b) Au/CuO, c) Pd/CuO and d) AuPd/CuO

catalysts.
4.3.2. XPS analysis

Further to elucidating the elements speciation, analysis of surface and chemical

composition was probed using XPS technique.
4.3.2.1. NiO based materials
Ni(2p) core level spectra

The XPS core level spectra of Ni(2p) region for synthesised and commercial NiO supports
are shown in Figure 4.3. XPS data for both supports revealed the presence of Ni?*-O

species at 853.96 eV, with a second peak centred at 855.4 eV, which could be assigned

a) b)
= NiO - NiO
S S
s s
2 Ni(OH),| & Ni(OH),
£ £

880 870 860 850 880 870 860 850

Binding energy Binding energy

Figure 4.3 Ni(2p) region XPS core level spectra of bare a) NiOs and b) NiO. supports.
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to the presence of Ni?*-OH species [20,21]. In addition, no peak was detected at binding
energy of 852.6 eV suggesting the absence of metallic nickel (Ni° phase at the surface

for all catalysts. The analysis reveals that the surface of the NiOs support is composed of
significantly higher amount of Ni(OH)2 compared to the NiOc support. The ratio between
the Ni(OH). and NiO in both supports was calculated using XPS software and the data
are summarised in Table 4.3.

Table 4.3 The ratio between Ni(OH). and NiO species in the NiO¢ and NiOs

Catalyst NiO % Ni(OH)2 %
NiOc 99.8 0.2
NiOs 92 8

Au(4f) core level spectra

The XPS core level spectra of Au(4f) for monometallic Au catalysts (Au/NiOgs,)) show
that Au4fz,2 peak in the range of 84.1-83.9 eV. This suggests the predominant of metallic
Au nanoparticles in these catalysts[14]., as shown in Figure 4.4. The Au4f spectrum of

a) 3ds2 b)
Pd’

3dy, -

S =

© LS

= 2

J -

2 Pd @

® c

c ()

(V] -

- =

355 350 345 340 335 330 355 350 345 340 335 330

Binding Energy (eV) Binding Energy (eV)
Figure 4.5 Pd(3d) core level spectra for; a) Pd/NiOc¢ and b) Pd/NiOs catalysts.
4f5)o " Au 4fg)p
gy S
= ©
o S
z 3
z 3
3 =
= =
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Figure 4.4 Au(4f) core level spectra for; a) Au/NiO. and b) Au/NiOs catalysts.
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AU/NiOs) catalysts could be deconvoluted into two peaks centred at 83.7 eV and 86.4
eV, which are assigned to Au4f7, and Auéfsy,, respectively [14].

Pd(3d) core level spectra

For the monometallic Pd/NiOs ) catalysts, the XPS core level spectra of Pd(3d) suggest
the confinement of Pd nanoparticles, on the catalyst’s surface, in a metallic (Pd°) and
oxidic (Pd") states along with Ni?*-O species as shown in Figure 4.5. As seen in spectrum
of Pd/NiOs,c), the XPS spectra of Pd (3d) of Pd/NiOs ) can be fitted into four peaks located
at 335.2, 336.99, 340.46 eV and 342.29 eV. The two peaks located at 335.2 and 340.46
eV are assigned to the main peaks of Pd 3ds> and Pd 3ds;> doublet of metallic Pd [3],
while the other two peaks maximized at 336.99 and 342.29 eV correspond to Pd'" as PdO
[4,5].

Similarly, bimetallic AuPd/NiQOc catalysts were examined by XPS and the results shown
in Figure 4.6. XPS Data indicate that both Au and Pd nanoparticles in all bimetallic
catalysts supported on NiO are in the metallic state (Au®) and (PdP). The presence of Au
in metallic state in the bimetallic samples was confirmed by two peaks centred at binding
energies of 83.7 eV and 86.4 eV, which corresponding to Au 4f;. and Au 4fsp,
respectively, while the presence of Pd metal was confirmed by two peaks centred at
binding energies 335.2 eV and 340.46 eV, which are assigned to Pd® 3ds/2, and Pd° 3da
respectively.
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Figure 4.6 Au(4f) core level spectra for; (a) AuPd/NiOc and (b) AuPd/NiOs catalysts.

4.3.2.2. CuO based materials

Further to elucidate the role of CuO as a catalyst support, XPS is conducted here, in this
Section, to understand the surface chemical composition and oxidation state of Cu species

at the metal-support interface. Figure 4.7 presents the Cu(2p) XPS core level spectrum of

104



Chapter 4 Effect of catalyst” support on the reduction of 4-nitrophenol
bare CuO support. The Cu(2ps2) and Cu(2p12) peaks centered at 934.2 and 954.1 eV
(with theoretical splitting value of 19.9 eV), respectively, confirms the stabilization of

copper in the( +2) chemical state in the form of CuO and/or Cu(OH).. However, XRD
data confirmed the absence of Cu(OH).. The shake-up satellite peaks of the Cu(2pz.2) and
Cu(2p12) at 942.4 and 962.6 eV, respectively confirmed the presence of Cu'' as CuO on
the surface. The peak deconvolution also showed that neither Cu' nor Cu® exist on the
surface of the samples due to the absence of their characteristic peak at binding energy of
933 eV [22,23].

Shake-up cl‘.zpyz
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Cu2p ,
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Figure 4.7 Cu(2p) core level spectra of bare CuO support.

Figure 4.8(a) presents the XPS of Au/CuO catalyst. The spectrum can be identified by the
two peaks characteristic for Au(4f) transition which centred at binding energies of 84.1eV
and 87.8 eV and could be assigned to Au 4f72 and Au 4fs2, respectively [24]. The results
suggest the confinement of Au nanoparticles in metallic state only in this catalyst. In
addition, and to gain a complete picture of the element speciation from Pd side, the Pd(3d)

core level spectra of Pd/CuO catalyst have been recorded and presented in Figure 4.8(b).
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Figure 4.8 Au(4f) core level spectra for; a) Au/CuO and b) Pd/CuO catalysts.
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The results show that Pd is stabilized into two forms; metallic (as Pd®) and oxidic (as Pd")
forms. The Pd° state is confirmed by two peaks centred at 335 and 340.26 eV, while Pd"
state is indicated by the presence of two peaks at 336.1 and 341.41 eV, respectively, which

are corresponding to 3dss, and 3ds/> doublet transitions, respectively [25].

For bimetallic AuPd/CuO catalyst, the Au(4f) core level spectra is very similar to the
spectra obtained for monometallic Au/CuO catalyst with only metallic Au as a
predominant phase (see Figure 4.9) [25]. In contrast, the spectra obtained for Pd(3d)
transitions in bimetallic AuPd/CuO catalyst is very interesting. Although, both metallic
and oxidic forms of Pd are co-exist, which is similar to monometallic, the ratio between
these two forms are very different. We can observe clearly from these results that metallic
form of Pd is increased in the bimetallic catalyst compared to monometallic analogous
(Pd®/Pd" ratio is 0.75 for monometallic vs 2.9 for bimetallic). This suggests that the
synergism between Au and Pd in bimetallic catalysts stabilizes the metallic form of Pd

phase.
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Figure 4.9 Au(4f) core level spectra for AuPd/CuO catalyst.
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4.3.3. Morphology and particle size analysis by TEM

TEM is a powerful technique to capture information about the size and distribution of
supported nanoparticles and it has been used extensively to study similar systems [26].
Similarly, TEM was performed here for all supported (mono- and bimetallic of Au and
Pd) nanoparticles in order to investigate their internal morphologies and also to estimate

the distribution of their sizes within the catalysts’ matrices.

4.3.3.1. NiO based materials.

Figure 4.10 (a, b and c) shows the TEM micrographs obtained for Au/NiOc, Pd/NiO. and
AUPd/NiO. catalysts, respectively, while Figure 4.10 (d, e and f) illustrates the
micrographs obtained for Au/NiOs, Pd/NiOs and AuPd/NiOs catalysts, respectively. The
mean particle sizes are summarized and presented in Table 4.4. In generally, all supported
nanoparticles are well confined and distributed onto both supports (NiO¢ and NiOs)
without any obvious agglomerations (see Figure 4.10). However, comparisons of the
particle size distributions for monometallic Au and Pd catalysts show that materials
supported on NiOs tend to have a narrow particle size distribution and lower mean particle
size than those supported on NiO.. Also, the TEM results show that the mean particle
size of monometallic catalysts prepared with PVA (i.e. Au/NiOs, and Pd/ NiOs), are
smaller (~ 4.4 nm) than those (i.e. Au/NiOc, and Pd/ NiOc) prepared in the absence of
PVA (7.2 nm). Interestingly, the results did not show any significant variation in the mean
particle size for the bimetallic AuPd supported systems for both supports (NiOs)
prepared in presence or absence of PVA, compared to monometallic Au and Pd systems.
Our results are in good agreement with the recent findings by Graham et. al [27] who
synthesised Au and AuPd catalysts by the same method (sol-immobilization) in the

presence and absence of stabilizing agent.

Table 4.4 Mean values of particle size obtained by TEM analysis of Au, Pd and AuPd
nanoparticles supported on both NiO¢ and NiOs oxides

Support Metal Mean (nm) Std-dev
Au 7.2 3.7
NiOc Pd 7.2 3.3
AuPd 4.6 1.1
Au 4.2 1.2
NiOs Pd 4.5 1.3
AuPd 4.0 1.3
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Figure 4.10 TEM images and their corresponding particle size distributions (insets) for
(@) Au/NiOs, (b) Pd/NiO, (c) AuPd/NiQc, (d) Au/NiOs, (e) Pd/NiOs and (f) AuPd/NiOs

catalysts.
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4.3.3.2. CuO based materials.

TEM analyses also were used for CuO based catalysts to look at the distribution of the
supported nanoparticles and to gain their mean particle sizes. The obtained images are
presented in Figure 4.11. The values of the mean particle sizes are summarized in Table
4.5. The obtained TEM images clearly show that supported nanoparticles are highly
dispersed onto CuO surface with sphere-like morphology and their mean particle size
values have an average of ~ 4 (1) nm., see Figure 4.11(d) and Table 4.5 over all catalysts.
Regarding to the morphology of CuO itself, the obtained TEM images clearly identify
several predominant shapes of the support such as; spherical, flower and nanorods-like
particles, as shown in Figure 4.11 (a, b and c), respectively. These morphologies have
been previously reported for CuO based materials [28-33]. As shown in the Figure 4.11,
Au and Pd nanoparticles in Au/CuO, Pd/CuO and AuPd/CuO catalysts are distributed
homogeneously on the surface of the CuO. No obvious agglomeration was observed in
all the samples and the average diameter was found to be ~ 4.1 (£1.2) nm as given in
Table 4.5

Figure 4.11 TEM images of CuO based materials having (a) spherical-like, (b) flower-
like and (c) nanorods-like, morphologies, and (d) Au/CuO catalyst having nanorod-like
morphology with corresponding particle size distributions (inset), as a representative
example.
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Table 4.5 Mean values of particle size obtained by TEM analysis of Au/CuO,
Pd/CuO and AuPd/CuO catalysts.

Catalyst Mean (nm) Std-dev
Au/CuO 4.0 1.1
Pd/CuO 4.4 1.3
AuPd/Cu0O 3.8 1.2

4.3.4. Specific surface area (Sger)

The specific surface areas (Seer) and textural properties of the materials under
investigation were assessed using N, physical adsorption/desorption analysis at 77 K. As
a result, the values of Sget were estimated and the obtained results are summarized in
Table 4.6. The Sger values of NiO¢ and NiOs supports are 52 (+3) and 188 (+5) m? g,
respectively. It’s worth to mention here that there are good correlations between
crystallite size obtained from XRD data and Sget values. Smaller crystallite size obtained
for NiOs (5 nm vs 43 nm for NiO) have bigger Sger value (188 m? g2, vs 52 m? g for
NiOc). The Sget of CuO support is determined also by applying BET equation and have
a value of 9 (+1) m?gL. Moreover, there is no significant difference in the surface area on
NiO(,s) and CuO after the immobilization of Au, Pd and AuPd on the support due to low

loading of these metals (1%).

Table 4.6 Sget values of catalysts’ supports obtained by N2 physisorption at 77 K.

Support Seer (M’g™)
NiO. 52 (£3)
NiOs 188 (£5)
CuO 9 (1)
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4.4. Effect of support on the reduction of 4-nitrophenol by
NaBHz4

It is well known that the interaction between the active nanoparticles and support has a
positive impact of the activity for any given reaction. So far, and to get insight onto the
reduction of 4-nitrophenol by NaBHa, we aimed in this Section to study the incorporation
of catalyst’s support such as NiO (commercial), synthesised NiO (NiOs) and CuO
(commercial) into the activity of AuPd nanoparticles for the reduction of 4-nitrophenol
by NaBHa.

4.4.1. Activity of NiO. (commercial) based catalysts.

NiO, as a catalyst’s support, has been reported extensively for reduction of 4-NP [34-36].
Based on the reaction optimisation, which previously described in Chapter 3 (reaction
conditions: 4-NP/metal molar ratio = 13, 4-NP [1.35x 10* M], NaBH4/4-NP molar ratio
=30, T = 30 °C, stirring rate = 100 rpm), here we aimed to screen the activity of NiOc,
AU/NIO¢, Pd/NiO¢ and AuPd/NiO. catalysts for the reduction of 4-NP under Kinetic
regime and mild reaction conditions. Figure 4.12 (a and b) shows the conversion % of 4-
NP and the corresponding Pseudo-first-order kinetic model, respectively, as a function of
time, over Au/NiOc, Pd/NiO¢ and AuPd/NiQOc catalysts. The apparent rate constant (Kapp)
of NiO¢, Au/NiQc, Pd/NiO¢ and AuPd/NiQO¢ catalysts are summarized in Table 4.7.
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Figure 4.12 a) Conversion (%) and b) In[4-NP], as a function of time, for the reduction of
4-NP over Au/NiOc, Pd/NiO. and AuPd/NiO. catalysts, as indicated. Conversion (%) of
NiOc. support is also presented for comparisons. Reaction conditions: 4-NP/metal molar
ratio =13, [4-NP] = 1.35x10* M, NaBHa/4-NP molar ratio = 30, T = 30 °C and stirring
rate = 1000 rpm.
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Table 4.7 Catalytic activity of bare NiO¢ and Au/NiO¢, Pd/NiOc and AuPd/NiOc
catalysts towards the reduction 4-NP by NaBHa.

Catalyst Kapp (Min™)
NiO¢ 0

AU/NiO¢ 0.08
Pd/NiO¢ 0.13
AuPd/ NiO¢ 0.25

It can be seen in Figure 4.12 and Table 4.7 that the bare NiO¢ support was not active in
the reduction of 4-NP. Regarding the activity of mono- and bi-metallic catalysts,
AUPd/NiO. catalyst gave the highest activity suggesting that there might be a synergistic
effect between Au and Pd metals, as observed and explained previously in Chapter 3.
Moreover, the results clearly show a trend in activity and it was found in the following
order; AuPd/NiO¢ > Pd/NiO¢ > Au/NiQO.. The apparent rate constant of reduction of 4-
nitrophenol by AuPd/NiO: (Kapp = 0.25 min™) catalyst has increased by 2 fold than
Pd/NiO¢ (Kapp = 0.13 min') and 3 times faster than Au/NiO¢ (Kapp = 0.08 min™) as shown
in Table 4.7. The high activity observed for AuPd/NiO; catalyst, compared to
monometallic analogous, could be attributed to the formation of AuPd alloy nanoparticles
and hence there might be a synergistic effect between Au and Pd as evidenced from XPS
analysis, which is previously described in Chapter 3. The close vicinity between AuPd in
the alloying system would increase the probability of interaction of the adsorbed reactant

molecules and hence lead to an increase of the reaction rate.

4.4.2. Activity of NiOs (synthesised) based catalysts.

In order to study the effect of support and to get better understanding on the catalytic
activity and to compare this with commercial NiO material, NiO nanoparticles have been
prepared and used as a catalysts’ support for mono- and bi-metallic Au and Pd
nanoparticles. For comparison purposes, the activity testing was performed also under the
same conditions used for NiO¢ based materials. The catalytic activity of NiOs, Au/NiQOs,
Pd/NiOs and AuPd/NiOs catalysts are presented in Figure 4.13 and the obtained results
for apparent rate constants (Kapp) are summarized and cited in Table 4.8.

The observed apparent rate constants were calculated to represent the catalytic efficiency
of the as synthesised materials. It is obvious from our results that the bare NiOs is active
in the reduction of 4-NP (Kapp = 0.01 min't), while the bare NiOc is inactive (Kapp = 0.0
min), see Tables 4.7 and 4.8. This remarkable activity observed for bare NiOs support
could be attributed to several factors such as surface area, particle size, crystallinity and/or
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surface chemical composition in respect to bare NiO: support. According to N2
physisorption and XRD analyses, bare NiOs support have higher Sget values [Sger = 188
(#5) vs 52 (+3) m?gl] and lower crystal size [5 vs 43 nm] and poor crystallinity

[amorphous vs crystalline] than those obtained for bare NiO¢ support.

Regrading to the activity of Au/NiOs, Pd/NiOs and AuPd/NiOs catalysts, bimetallic
AUPd/NiOs catalyst showed the highest performance amongst monometallic analogous
due to the synergistic effect of AuPd alloy. Moreover, the results clearly show a trend in
activity and it was found in the following order; AuPd/NiOs > Pd/NiOs > Au/NiQOs. This
activity trends are expected and very similar to the trends observed for NiO. based

catalysts.

The activity of monometallic Au/NiOs and Pd/NiOs catalysts is increased by a factor of ~
3.5 when compared to Au/NiO¢ and Pd/NiO. analogous. For bimetallic AuPd/NiOs
system, the activity is also enhanced by a factor of ~ 3 in respect to AuPd/NiO¢ catalyst.
These results are expected due to the differences in physical and chemical properties of
bare NiOs and NiO. supports. We should also keep in our mind that all NiOs based
catalysts were prepared with PVA and have smaller mean particle sizes (mean average =
4) than those supported on NiO. oxide (mean average = 6.6 nm), as estimated form the
TEM results. This could be considered as another factor for the high activity observed for

NiOs based catalysts.
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Figure 4.13 a) Conversion (%) and b) In[4-NP], as a function of time, for the reduction
of 4-NP over Au/NiQOs, Pd/NiOs and AuPd/NiOs catalysts, as indicated. Conversion (%)
of NiOs support is also presented for comparisons. Reaction conditions: 4-NP/metal
molar ratio =13, [4-NP] = 1.35x10* M, NaBH4/4-NP molar ratio = 30, T = 30 °C and
stirring rate = 1000 rpm.
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Table 4.8 Catalytic activity of NiOs, Au/NiOs, Pd/NiOs and AuPd/NiOs in the
reduction of 4-nitrophenol by NaBHa.

Catalyst K app (Mint)
NiOs 0.01
AU/NIiOs 0.28
Pd/NiOs 0.46
AUPd/NiOs 0.78

4.4.3. Modification of NiO¢ (commercial) with urea

To get into insight the observed trend in catalytic activity and the role of NiOs as a
catalyst’s support, commercial NiO material (NiOc) has been modified using urea and
under the same conditions that were used to synthesis NiOs, herein after denoted as NiOc-
urea. Then the activity of all supports (NiO¢, NiOc-urea and NiOs) was screened in the
reduction of 4-NP by NaBH4. Figure 4.14 (a, b and c¢) shows the conversion % of 4-NP
as a function of time over bare NiOc, NiOc-urea and NiOs supports, respectively. Clearly,
the results show that NiOs exhibits the highest activity (21% conversion at 30 min)
compared with non-active NiO; material. Interestingly, none-active NiO: sample
exhibited some activity in the reaction after the treatment with urea (10% conversion at
30 min). However, it is still lower than the activity of NiOs materials by a factor of ~2,

(21% vs 10% conversion at 30 min).

In order to understand the role of urea and how it enhance the activity of commercial NiO¢
sample, and of course this might give us an understanding why NiOs exhibits the highest
activity, we have done a number of complementary techniques such as ; TGA, XRD and

XPS analyses.

W
o

N
S

conversion %
-—
rd

0 10 20 30 40
Time (min)
Figure 4.14 Conversion (%) of 4-NP reduced by NaBH4 over (a) NiOc, (b) NiO¢-urea and

(c) NiOs as a function of time. Reaction conditions: [4-NP] = 1.35x10** M, support weight
=10 mg, NaBH4/4-NP molar ratio = 30, T = 30 °C and stirring rate = 1000 rpm.
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The effect of urea on the formation of NiO phase was studied by Gonzalez-Calbet et al.,
[37]. According to their findings, urea (in this work) could be used to hamper the
transformation of Ni(OH). to NiO. Our XPS results showed that NiOs (which was
synthesized with urea) have a significant amount of Ni(OH). after calcination for 3 h at
300 °C. However, this is not the case when NiO¢ was treated with urea. The hypothesis
here is that urea was hydrolysed at 120 °C via a hydrothermal treatment and decomposed
into NH3 and CO». Then, NH3s can be hydrolysed with water to release hydroxyl anions
which finally can react with Ni?* ions to form Ni(OH). precursor [36], as shown in

reactions (1 - 3).

CO(NH2)2 > NHsz + HNCO Reaction 1
HNCO + H.0 = NHs3 + CO; Reaction 2
NH3 + H,0 > NHs" OH Reaction 3

Figure 4.15(a, b and c) shows the XRD patterns obtained for NiOc, NiOc-urea and NiOs,
respectively. The results show that the crystallinity of NiO¢ sample was decreased after
the treatment with urea as the intensity of diffraction peaks was decreased after the
treatment. The observed decrease in crystallinity also lead to a decrease in the crustal size.
This was also confirmed by calculating the particle crystal sizes using Scherrer’s equation
and the obtained results are presented in Table 4.9. As can be seen that after the treatment
with urea, the crystal size of NiO. decreased from 43 to 36 nm. So far, this decrease in
the particle crystallite size of NiOc-urea sample could be the reason for its observed
activity [38].
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Figure 4.15 XRD patterns of a) fresh NiOc, b) NiO. after treated by urea and c)NiOs
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Table 4.9 Average crystallite size calculated by Scherrer equation for NiOc-urea,
NiO¢ and NiO:s.

Support Crystallite size [nm]
NiOc-urea 36

NiOc¢ 43

NiOs 5

To further go insight the role of NiO support in the reduction of 4-NP, surface chemical
composition of bare NiO support was conducted using XPS analysis, see Figure 4.16. As
a result, the percentage of Ni(OH). species over NiO. sample (before and after treatment
with urea) was calculated and the extracted parameters are presented in Table 4.10. The
XPS results, which previously discussed in Section 4.5.2, showed that both bare NiOs and
NiO¢ supports have fraction of Ni(OH). species with a percentage of 8 and 0.2%,
respectively. Upon treatment of NiO. with urea, the fraction of Ni(OH). species was
further increased to 1.3%. So far, the enhancement in activity for NiOc-urea could be

correlated to the fraction of surface OH group.
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Figure 4.16 XPS spectra of NiOc support: (a) fresh and (b) treated with urea.

Table 4.10 The percentage (%) of NiO and Ni(OH)2 species in NiOs, NiO. and
NiOc-urea estimated from XPS analysis.

Catalyst NiO % Ni(OH)2 %
NiOc 99.8 0.2
NiOc-urea 98.7 1.3

NiOs 92 8
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The increase of surface OH group upon urea treatment is further evidenced by using
TGA analysis, see Figure 4.17. The TGA analysis was conducted in a flow of N2 gas
(50 ml/min) upon heating to 800 °C (5°C/min). It is noticed that the weight of samples
decreases slowly with increasing temperature. On heating upto 800 °C, the total weight
loss (%) for NiOc is only 0.19%, while for NiOc¢-urea sample is 0.33% and occurs in two
steps. This weight loss(%) could be attributed to the loss of hydroxyl groups from the
support surface [39]. Upon heating to 150 “C, both supports lose the same amount of
weight due to the physical adsorbed water. The difference in the total loss is 0.1 wt.%
between the two supports suggesting that only few fractions of NiO was hydrolysed to
Ni(OH). by urea. No residual urea was found on the surface of the treated support by
elemental analysis for carbon, hydrogen and nitrogen which confirm that this loss is a

result of OH groups only.
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Figure 4.17 TGA analysis of NiO¢ and NiOc-urea samples.

The characterisation results confirmed that the presence of hydroxyl group on the surface
of NiO are the main difference between the commercial and synthesised support. In our
investigation we proved that the hydroxyl group on the surface of the support is a result
of urea treatments. Wang et al., showed that Ni(OH). can catalyse the reduction of 4-
nitrophenol, which explain the activity of NiOs and NiO treated with urea. The role of
Ni(OH)2 in the reduction of 4-nitrophenol was investigated in several reports [40,41].
They reported that, Ni(OH)2 can stabilise the intermediates and facilitate the adsorption
of the reactants, which results in lowering the activation energy allowing the reaction to

proceed as observed in this work.
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4.4.4. Activity of CuO based catalysts.

CuO has been reported as promising material for different catalytic applications including
the reduction of 4-NP [3,26,42]. Moreover, the activity of CuO could be enhanced when
prepared in nanoscale. Our previous results showed the crucial role of the support in our
probe reaction model (reduction of 4-NP). So far, and in order to go insight the effect of
support, all CuO based catalysts (i.e. CuO, Au/CuO, Pd/CuO and AuPd/CuQ) are
screened towards the reduction of 4-NP. In order to compare the role of CuO with NiO
as a catalyst support, we have mimicked the reaction conditions as NiO based reactions.
The activity results on CuO based catalysts are presented in Table 4.11. As can be seen,
bare CuO support is active for the reduction of 4-NP. Moreover, the immobilization of
mono- and bi-metallic Au and Pd nanoparticles onto CuO support lead to tremendous
enhancement of the activity and hence for the apparent reaction rate. However, there was
a trend in the activity as in the following order; AuPd/CuO > Pd/CuO > Au/CuO > CuO.
This trend is very similar with the trends observed for NiO¢ and NiOs based catalysts. In
general, the activity of CuO based catalysts, compared to the most active NiOs based
catalysts which discussed in Section 4.6.2, are more active for this reaction. Comparing
the activity of bare supports (CuO and NiOs), the activity of bare CuO can compete the
activity of NiOs (Kapp = 0.3 vs 0.01 min, respectively). Also, the conversion (%) of 4-
NP over bare CuO support reached 100% after only 5 min, while bare NiOs support
showed only 10% at the same time. However, there was an induction time observed for
bare CuO support and this will be discussed in detail later in the following Sections. For
the supported catalysts, the apparent rate constants of Au/CuQO, Pd/CuO and AuPd/CuO
catalysts (Kapp = 0.8, 1.4 and 1.8 min, respectively) are higher than analogous catalysts
supported on NiOs material (see Table 4.8 in Section 4.6.2).

Table 4.11 Catalytic activity of bare CuO and Au/CuO, Pd/CuO and AuPd/CuO
catalysts towards the reduction 4-NP by NaBHa.

Catalyst Kapp (Min)
CuO 0.3
Au/CuO 0.8
Pd/ CuO 14
AuPd/Cu0O 1.8

The apparent rate constants (Kapp) of Au/CuO, Pd/CuO and AuPd/CuO catalysts were
increased significantly compared to bare CuO support by a factor of 2.6, 4.6 and 6,
respectively. The results suggest the promotion effect of Au and/or Pd components in

improving the catalytic activity of CuO support in this reaction [26].
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The apparent rate constants were used to compare our catalytic findings with the
literature. For Au/CuO catalyst, Gholami et al., [26] studied the reduction of 4-NP over
Au/CuO catalyst. They found that the Kapp value of Au/CuO catalyst is higher than Kapp
value of bare CuO support by a factor of 1.5, while our results showed increased by a
factor of 2.6 under similar conditions of metal loadings. The difference in the activity
could be correlated to different reasons; such as mean particle size and surface properties
of the prepared catalysts. In their work the mean particle size is 8 nm, while our catalyst
(Au/Cu0) is only 4 nm as obtained by TEM analysis. Furthermore, the morphology of
bare CuO support in their work possess irregular shape, while our bare CuO support has
a predominant nanorods and flower-like shape as evidenced by TEM analysis and these
results are further in agreement with the work done by Zou at al [29]. Similar reasons for
the activity of Pd/CuO catalyst in the reduction of 4-NP were also reported by
Nasrollahzadeh et al., [3].

The Kapp value of AuPd/CuO catalyst is higher than the Kqpp value reported by Long et
al., [43] under similar reaction conditions (even with higher metal loading than our work;
1.88 vs 1 wt.%) by a factor of 1.6. Our high activity could be attributed mainly to the
small AuPd mean particle size (4 nm) than their work (15 nm). This result confirms the
advantage of using sol-immobilization method for controlling smaller particle size.
Additionally, the high performance of AuPd system, in respect to monometallic
analogous, could be attributed to the strong interaction (synergism) between Au and Pd
provided by this method of preparation. Furthermore, the strong metal-support interaction
(between AuPd and CuO support) is another key factor for the activity. In summary, these
factors, plus those mentioned above for the monometallic Au and Pd analogous, could be

the reasons for observed activity.

4.5. Induction time

Induction time is simply described as the time expended to initiate the activity of a catalyst
[16,44-49], which generally diminishes with the reuse of the catalyst. As we described
above (Section 4.6.4) that bare CuO support together with Au/CuO, Pd/CuO and
AuUPd/CuO catalysts showed very promising activity towards the reduction of 4-NP. The
rate of the reaction over these catalysts was very fast/quick and even the reaction starts
and finish within ~ 2 min. From previous observation particularly for experiments
conducted over bare CuO support that there was an induction time at the start of the
reaction. In order to fully understand the origin of this induction time, firstly, we have
conducted an in-situ experiment for bare CuO, Au/CuO, Pd/CuO and AuPd/CuO
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catalysts. The conditions for this reaction are described in detail in Chapter 2 (Section
2.4.2) and mentioned in the caption of Figure 4.18 below. Typically; the requisite amount
of catalyst was added directly into the cuvette, which contains fresh solution of 4-NP (2.7

mL, 1.35 x 10* M). The cuvette was subsequently placed into a cuvette holder, which

provides magnetic stirring and temperature controller, both remotely controlled by a
computer. When the desired temperature was reached, the fresh NaBH4 solution (0.3 mL,
3.9 x 102 M) was added to give a total volume of 3 ml to initiate the reaction. The
reduction process of 4-NP was subsequently monitored by measuring the UV-Vis
absorption spectra of the reaction solution every 5 seconds until full conversion was

achieved.

The results of the in-situ experiments over bare CuO support as well as Au/CuO, Pd/CuO
and AuPd/CuO catalysts are presented in Figure 4.18. The results show clearly that all
catalysts have an induction time, which varies from sample to sample. The highest
induction time was observed for bare CuO support (~1.5 min), followed by Au/CuO
catalyst (~ 1 min). The other two catalysts (Pd/CuO and AuPd/CuO) showed very short

induction time due to their highest activity towards the probe reaction.

According to the literature, induction time can be attributed to many reasons. Pradhan et
al., [50], who studied the activity of silver nanoparticles, observed an induction period
which was attributed to the presence of an oxide layer on the surface of the silver
nanoparticles, and they found that the induction period diminishes by conducting the

reaction in a nitrogen atmosphere instead of air. Although, the oxide shell layer is widely
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Figure 4.18 Conversion (%) as a function of time, in situ, during the reduction of 4-NP
by NaBH: over bare CuO, Au/CuO, Pd/CuO and AuPd/CuQO catalysts. Reaction
conditions: 4-NP/metal molar ratio = 1/2 molar ratio, 2.7 ml of 4-NP [1.35x10* M],
NaBH.4/4-NP molar ratio = 30, T = 30 °C, 1200 rpm (reaction was carried out ina 1 cm
cuvette).
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cited as the source of the induction period for silver nanoparticles [51-53] this is not
without dispute as others have noticed induction time for nanoparticles of non-oxidizable
metals (e.g., Pt, Au)[54,55]. Hence, dissolved oxygen in the reaction solution has been
proposed as another possible reason for the observed induction period [56-60]. It was
explained that the dissolved oxygen will react at a faster rate with the NaBH4 than
nitrophenol. To avoid this, in many cases, nitrogen is purged before adding NaBH .
The induction time is sometimes explained with the diffusion of the reactants — 4-
nitrophenol [61-64] or borohydride [49]. Ballauff and co-workers proposed an alternate
explanation that the reaction could only begin once the catalyst surface underwent a
surface reconstruction brought on by the attachment of reactants to the surface [55]. A
view also shared by Chen and co-workers for the catalytic reduction of resazurin by
NH20H [65].

From the previous initial experiments, discussed above, we found that bare CuO support
is exhibited the highest induction time. So far, and in order to fully understand the reason
for this, we shall focus only on studying the effect of induction time, in situ, in detail over
this support. According to literature described above, we believe that the major reasons
which could be responsible for this induction time; (i) dissolved oxygen in the reaction
media, (ii) surface oxidation state (i.e. reduction of the oxidic outer shell of CuO support,

as we used strong reducing agent, NaBHa).

To investigate the effect of dissolved oxygen of the reaction media, an in -situ experiment
was performed. Prior to the addition of NaBHjs, the aqueous solution contains both the
catalyst and the substrate was purged with N2 for ~ 10 min, then the UV-Vis spectra were
recorded simultaneously every ~ 5 seconds until full conversion (%) was achieved. The
results of this experiment showed that the induction time was reduced by 12 %, which
suggest that there is an effect from the dissolved oxygen present in the reaction media for
the observed induction time phenomena [56-60]. However, these results indicated that
the dissolved oxygen was not only the reason for induction time phenomena as we still

observe an induction time.

So far, attention has been made to investigate the effect the second possible reason
(reduction of the oxidic outer-shell of CuO support) on the induction time. As a result,
we have conducted a distinct, in-situ, experiment (similar to that presented in Figure 4.18,
without purging with N2 gas) over bare CuO support previously treated by NaBH4. The
result of this experiment is illustrated in Figure 4.19. Interestingly, and as can be seen in

121



Chapter 4 Effect of catalyst” support on the reduction of 4-nitrophenol

this Figure, that the induction time over bare CuO support treated is further decreased by

75% compared to the untreated CuO support.

To further get insight into the effect of NaBH4 towards CuO support, XPS and XRD
analyses were conducted on bare CuO support, before and after the treatment with

NaBHg, to discriminate their surface compositions, oxidation states and crystallite-phase

change.

100

=2 80+

| =

.© 60

il

gdn:

= Cul

3 201 = CuO treated
ﬂ' — with NaHB,
0.0 05 1.0 1.5 2.0 25 3.0

Time (min)

Figure 4.19 Conversion (%) as a function of time, in situ, during the reduction of 4-NP
by NaBHs over bare CuO support (fresh and after treatment with NaBH4). Reaction
conditions: 2.7 ml of 4-NP [1.35x 10 M], weight of CuO = 2 mg, NaBH4/4-NP molar
ratio = 30, T = 30 °C and stirring rate = 1200 rpm.

We expect that NaBH4 may reduce Cu'' in the CuO phase to lower oxidation state (i.e.
Cu' and/or Cu°). So far, the XPS spectra obtained for bare CuO support, before and after
the treatment, are presented in Figure 4.20 for comparisons. The XPS spectra of bare CuO
support, as discussed before in Section 4.5.2.2, are characterized by Cu(2ps;) and
Cu(2p12) doublet centred at 934.2 and 954.1 eV, respectively, as well as, the two-shake-
up satellite feature of Cu(2ps2) and Cu(2p12) doublet centred at 942.4 and 962.6 eV,
respectively. On the other hand, the XPS spectra of Cu' and Cu® phases are characterized
by Cu(2ps/2) and Cu(2p12) doublet peaks centred at 933 eV without any shake-up satellite
features [22,23]. Based on the above statements, any decrease in the intensity of the two-
shake-up satellite feature centred at 942.4 and 962.6 eV for the CuO phase could be used
as an evidence for the reduction of CuO phase to lower oxidation states (Cu' and/or Cu®
phases). As can be seen from the obtained XPS spectra (see Figure 4.20), there is an
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obvious decrease in the intensity of shake-up satellite peaks upon the treatment with

NaBHa. This suggest that fractions of CuO phase are reduced to Cu' and/or Cu® phases.

Intensity (A.U)

960 950 940 930
Binding energy(eV)
Figure 4.20 XPS spectra of the CuO(untreated) and CuO after treated by NaBHa.

To further investigate the reduction of bare CuO support, when treated by NaBHa, to
lower oxidation states (Cu' and/or Cu® phases), XRD analysis was performed on CuO
material, before and after the treatment, and the obtained patterns are presented in Figure
4.21 for comparisons. The XRD diffraction peaks, if there is any, for Cu' phase (as Cu.0)
would be expected to appear at 20 = 29.5°, 34.5°, 42.2°, 52.3°,61.5°, 67.9°,73.4, which
are correspond to (110), (111), (200), (211), (220), (310) and (311) Cu20O facets,
respectively (JCPDS, 05-667) [66]. While the assignments of diffraction peaks for
metallic Cu would be expected at 20 = 32.5, 43.64°, 50.80° and 74.42 °, which are
correspond to (110), (111), (200), and (220) facets of metallic copper, respectively
(JCPDS No. 04-0836). The expanded region in Figure 4.21 shows clearly new additional
four peaks, in the treated CuO sample, at 26 = 236.38% 42.28° 43.64° and 50.80°. These
peaks are corresponded to the diffractions of Cu'(111), Cu'(200y, Cu®(111) and Cu® (200),
respectively. These results suggest the presence of Cu' and Cu® phases in treated-CuO
sample and confirm the reduction of CuO phase when treated with NaBH4, which in

consistent with the XPS analysis explained above.

In conclusion, the reduction of 4-NP by NaBH; over all CuO based materials possess an
induction time which was dramatically shortened over bare CuO support, pre-treated with
NaBHa4. The results of XPS and XRD analyses on this material (bare CuO support, before
and after the treatment with NaBH,) confirm that fractions of bare CuO phase were
reduced to Cu2O and/or Cu® phases before the reduction of 4-NP by NaBH4, and thus
surface reconstructions upon the treatment with NaBH4 might be the main reason for this

induction time. Another factor which might be responsible for the induction time is the
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Figure 4.21 XRD patterns for bare CuO support: a) fresh and b) after treated with NaHB4
(inset graph represents a zoom in area).

presence of dissolved oxygen in water. The oxygen will react at a faster rate with NaBH4

than 4-NP [67]. This was confirmed by shortening the induction time when the reaction
was purged with N2 gas prior to the reaction.
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4.6. Comparison of the catalytic activity of Au and Pd
supported on various metal oxide supports for the
reduction of 4-Nitrophenol by NaBHa.

In the present Section, the catalytic activity of mono- and bimetallic Au and Pd
nanoparticles supported on various types of metal oxide supports, namely NiOs, CuO and
TiO2, were compared for the aqueous-phase reduction of 4-NP using NaBHa, as a reducing
agent. For the catalytic reduction of 4-nitrophenol, NiOs, CuO and TiO; supported catalysts
have limited studies despite the high chemical stability of these materials under the reaction
conditions. The activity of the supports alone was investigated, and the results are presented
in Figure 4.22. The results are clearly show that TiO-, as a catalyst’s support, is inactive in
this reaction as reported in the literature [68,69] and this also was confirmed in Chapter 3.
TiO, was found to cause retardation of hydrogen evolution from the aqueous-phase solution
of sodium borohydride [11]. In contrast, bare CuO support starts to work after an induction

time of ~ 4 min (investigated early in Section 4.7). Afterwards, it is showed the highest
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Figure 4.22 Conversion (%) as a function of time (min) for the reduction of 4-nitrophenol
by NaBHs over bare CuO, NiOs and TiO2 supports. Reaction conditions: weight of
support = 10 mg, [4-NP] = 1.35x10* M, NaBH4/4-NP molar ratio = 30, T = 30 °C, and
stirring rate = 1000 rpm.

activity with 100% conversion within 35 min. For bare NiOssupport, it shows a reasonable
activity, but lower than bare CuO support. The catalytic activity of the supports follows the
following order; CuO >> NiOs > TiO. (not active). Similar order in the activity was
reported by Gopal and Mandlimath [11]. The surface positive charge of CuO and NiO is
claimed to facilitate the interaction between the metal oxide surface and the donor species
of BH4 anion [11].

Figure 4.23(a, b and c) shows the conversion (%) of 4-NP reduction by NaBHa4 over Au,
Pd and AuPd nanopatrticles, respectively supported on CuO, NiOs and TiO2 oxides. Their
corresponding apparent rate constant values are summarized in Table 4.12. The obtained

results clearly demonstrate that the catalytic activities of the catalysts follow the same
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order as bare supports and are in the following order; (Au/CuO >> Au/NiOs > Au/TiO»),
(Pd /CuO >> Pd/NiOs > Pd/TiO;) and (AuPd/CuO>> AuPd/NiOs > AuPd/TiOy).

Generally, the results showed that all mono- and bimetallic Au and Pd nanoparticles
supported on CuO material have a superior activity than those supported on NiOs and
TiO, oxides. In addition, the average mean particle size of the active supported metal
components has insignificant effect on the catalyst’s activity, otherwise, TiO2 supported
catalysts with the smallest particle size (~ 2 nm vs 4 nm for CuO and NiOs based catalysts)
would have the highest activity amongst all catalysts. This finding is in agreement with
the literature [70]. Also, the results of N. adsorption/desorption analysis suggests that
there is no any correlation between the catalysts’ activity and their corresponding specific
surface area (Seet). As can be seen that the most active catalysts (CuO based catalysts),
have lower surface area by a factor of ~ 7 and ~ 21 than TiO2 and NiOs based catalysts,

respectively. This finding is in reported by Yin et al., [11].

The highest activity observed for CuO based catalysts (Au/CuO, Pd,CuO and AuPd/CuO)
could be correlated to the following factors; One of these factors is the strong metal-
support interaction at the metal/metal oxide interfaces, which was evidenced by the XPS
analysis of the Cu(2P). Taking AuPd/CuO catalyst as an example with the highest activity
for the reduction of 4-NP, the binding energy of Cu(2p3/2) was shifted to higher value
(933.8 eV) than bare CuO support (933.3 eV). Another factor which could be a reason for
this remarkable activity might be is the presence of multiple phases of copper oxides such
as CuO, Cu20 and metallic Cu phase, as evidenced from the XPS and XRD analyses.
Thus, this could facilitate the electronic transitions at the metal/metal oxide interfaces and
eventually promote the catalytic reaction. Moreover, there is also another strong lateral
interaction between Au and Pd. This factor is already evidenced by XPS analysis as there
was an evidence for the formation of AuPd alloy.

Table 4.12 Apparent rate constant values during the reduction of 4-NP by NaBH4
over supported mono- and bimetallic Au and Pd nanoparticles.

Catalyst Kapp (Min?)
AU/TIO, 0.14
AU/NiOs 0.28
Au/CuO 0.8

Pd/TiO; 0.2
Pd/NiOs 0.46
Pd/CuO 1.5
AUPd/TiO, 0.38
AUPd/NiOs 0.78
AuPd/Cu0O 1.8
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Figure 4.23 Conversion (%) as a function of time (min) for the reduction of 4-NP by
NaBHs over a) Au, b) Pd and ¢) AuPd nanoparticles supported on CuO, NiOs and TiO2
oxides. Reaction conditions: 4-NP/metal molar ratio = 13, [4-NP] = 1.35x10* M,
NaBHa4/4-NP molar ratio = 30, T = 30 °C, and stirring rate = 1000 rpm.

4.7. Catalysts' reusability

The recovery and reusability of the given heterogeneous catalyst are very important and
have advantages when used in large scale industry. To evaluate the reusability of the
prepared catalysts, we have focus on testing the reusability of bimetallic (AuPd)
supported nanoparticles on various metal oxides(i.e. AuPd/CuO, AuPd/NiOs and
AuPd/NiOc), which were exhibited the highest activity towards the reduction of 4-NP.
The standard procedure for studying reusability described in detail in Chapter 2 (Section
2.5). Typically, the reusability study was conducted in 100 ml round bottom flask and
under the following conditions; 4-NP/metal molar ratio = 13, NaBHa4/4-NP molar ratio =
30, T =30 C and stirring rate = 1000 rpm. Each reaction was stopped after 1.5 min, then
the sample collected for the UV-Vis measurement. The amount of catalyst was filtered
off, washed several times by deionized water, dried at room temperature and finally

recharged again for further cycles (four cycles in total). The obtained data for each cycle
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are summarized in Table 4.13 and illustrated in Figure 4.24. Generally, and as can be seen
from Table 4.13, all catalysts are catalytically active and stable over four runs. It’s worth
to mention here that NiO based catalysts showed slight decrease in their activity from run
1 to run 4 (from 64 — 57% and from 42 — 33% for AuPd/NiOs and AuPd/NiO. catalysts,
respectively). In contrast, the conversion (%) over AuPd/CuO catalyst was increased after
the first cycle (from 90 — 95.5%) and remained almost stable through run 4. The increase
of AuPd/CuO catalyst’s activity could be attributed to a fraction reduction of CuO support
to lower phases (Cu.0 and/or Cu®, evidenced by XPS and XRD). Also, it might be a

reason

for enhancing the induction time.

Table 4.13 Reusability study of AuPd/CuO, AuPd/NiOs and AuPd/NiOc during the
reduction of 4-NP by NaBH4. Conversion (%) was taken at 1.5 min.
Conversion (%) after 1.5 minutes

Catalyst AuPd/Cu0O AUPd/NiOs AUPd/NiO¢
Fresh 90 64 42
2" cycle 95.5 61 38
3 cycle 95.5 60 35
4" cycle 95 57 33

Reaction conditions: 4-NP/metal molar ratio = 13, [4-NP] = 1.35x10* M, NaBH4/4-NP
molar ratio = 30, T = 30 °C and stirring rate = 1000 rpm.
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Figure 4.24 Reusability study for AuPd/NiO¢, AuPd/NiOs, and AuPd/CuQO during the
reduction of 4-nitrophenol. Reaction conditions: 4-NP/metal molar ratio = 13, [4-NP] =
1.35x10* M, NaBH4/4-NP molar ratio = 30, T = 30 °C, stirring rate = 1000 rpm and
reaction time = 1.5 min.
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To further go insight into the effect of particle size in catalyst’s reusability, the internal
morphology of the used catalysts (after four cycles) was probed by TEM analyses. The
obtained TEM images are illustrated in Figure 4.25 and the mean particle size presented
in Table 4.14. Clearly, the TEM images, after four cycles, show that all AuPd supported
nanoparticles are still highly dispersed without any agglomeration. As can be seen from
Table 4.14, the mean particle size of AuPd/NiOs catalyst was slightly increased from 4 —
4.5 nm, while increased from 4.6 - 5.4 nm and from 3.8 — 4 nm for AuPd/NiOs and
AUPd/CuO catalysts, respectively. Although, the mean particles sizes were slightly
increased over all used catalysts compared to the fresh catalysts, the differences between

TEM particle sizes values for used and fresh catalyst are within the margins of errors.

Figure 4.25 TEM images of used a) AuPd/NiOc, b) AuPd/NiOs and c)AuPd/CuO catalysts
(after three runs).

In addition, the catalysts’ stability was further investigated by XPS and the obtained
results are presented in Table 4.14. The results for used catalysts did not suggest any
significant changes in metal composition after being used. The XPS data, for the used
AuPd/CuO catalyst, show that Cu' might be reduced to Cu' or Cu® during the reaction by
excess NaBH4, which is consistent with our previous observation discussed before in
Section 4.7. This might explain the increasing in the catalytic activity of AuPd/CuO catalyst
after the first run. Figure 4.26 show a slight decrease in the intensity of the satellite shake-
up peak centred at 942.4 eV, which attributed to Cu(2ps2), and was taken as an evidence
for the reduction of Cu'" to Cu' and/or Cu® at the metal/metal oxide interfaces, as discussed

early in this Chapter (see Section 4.7).

Moreover, the leaching of the nanoparticles was checked by MP-AES and the results show

that no evidence of Au or Pd leaching in the reaction medium after the reaction above the
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detection limit of MP-AES which is 1 to 2 ppb. In summary, the overall loss in activity

of AuPd/NiOs and AuPd/NiOc is probably due to the increase in mean particle.
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Figure 4.26 Cu(2ps2) core level spectra for AuPd/CuO catalyst (fresh and used), as

indicated.

Table 4.14 XPS quantification analysis and means particle size on fresh and used

catalysts.

Au/Pd ratio (mol/mol)? Mean particle size(nm)®
Catalyst

Fresh Used Fresh Used
AUPd/NiO¢ 44:56 40:60 46+1.1 54+1.2
AUPd/NiOs 49:51 45:55 40x13 45+1.0
AuPd/CuO 46:54 42:58 38+1.2 4.1+0.93

& Au/Pd molar ratios (mol/mol) are extracted from XPS analysis.
b Mean particle sizes (nm) are extracted from TEM analysis.
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4.8. Conclusions

We found previously in Chapter 3 that sol-immobilization method can be used to prepare
metal nanoparticles with tailored properties, which subsequently showed great
performance in the reduction of 4-NP by NaBH4 with the highest activity observed for
AuPd (1:1) supported on TiO.. In this Chapter we examined the effect of different
support, mainly CuO and NiO based oxides, on the activity of mono- and bimetallic Au

and Pd nanoparticles towards the reduction of 4-NP by NaBHa.

The results revealed that all supported nanoparticles were successfully prepared via sol-
immobilization approach and showed promising activity, stability and reusability,
towards the reduction of 4-NP by NaBH4 with the presence of an observable induction

time.

To better understanding the structure-activity correlations, all catalysts as well as their
corresponding supports were characterized, ex situ, using a number of complementary
techniques including; TGA, XRD, TEM, N2 physisorption, MP-AES and XPS analyses.
The results showed that we have successfully prepared well dispersed supported

nanoparticles with small mean particle size as evidenced by TEM and XRD analyses.

Generally, the results of the activity testing showed that bimetallic AuPd supported
nanoparticles are more active than their monometallic analogous, with the highest activity
observed for CuO support, and the activity was followed the following order; AuPd/CuO
(Kapp = 1.8 mint) > AuPd/NiOs (Kapp = 0.78 min) > AuPd/NiO¢ (Kapp = 0.25 min). The
highest activity observed for AuPd/CuO catalyst was correlated, not only, to strong metal-
support interactions, but also to metal-metal synergism between Au and Pd in the AuPd
alloy. This was evidenced by XPS analysis. In addition, our results referred that the
particle size of supported nanoparticles as well as the specific surface area of the prepared
catalyst has been not significant factors in the catalysts’ activity, as approved by TEM

and BET surface area measurements.

Moreover, it is worth to mention that an initial screening for the activity of bare metal
oxides supports (CuO and NiO) showed a remarkable activity of CuO compared to NiO
material. This activity was attributed to the presence of Cu® and/or Cu* phases at

metal/metal oxide interfaces, as evidenced by XPS and XRD.

The XRD results revealed that CuO, NiO¢ and NiOs supports are stabilised in nanosized
crystal structure with sizes of 14, 43 and 5 nm, respectively. The absence of any
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diffraction patterns for the supported nanoparticles (Au, Pd and/or AuPd) suggested that
these nanoparticles are very small and out of the detection limit of the XRD instrument

which agreed with TEM analysis.
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Chapter 5 Effect of reducing agent on the reduction of 4-nitrophenol

5.1. Introduction

Over the last decade, supported noble metal nanoparticles (NPs) such as Au, Ag, Pt and
Pd, have attracted enormous interest in the field of heterogeneous catalysis because of
their unique physical, chemical and catalytic properties compared to bulk counterparts
[1-5]. Tailoring metal NPs is an important step in optimising their performance for a
given process; the metal particle size, shape and structure are all crucial factors in
dictating the overall catalytic performance. To investigate these parameters, the reduction
of 4-nitrophenol(4-NP) by NaBHj4 has been widely used as model reaction, since it is easy

to monitor with simple and fast analytical techniques, and there are no by-products[6].

Colloidal methods, particularly the sol-immobilisation method, have been successfully
utilised to generate metal NPs with desirable characteristics, compared to conventional
techniques such as wet impregnation and deposition—precipitation [7]. Typical steps in
colloidal synthesis to control the particle properties (particle size and shape) include
changing the type of stabilising and reducing agents, the concentrations of each

component, and the metal concentration[8,9].

The sol-immobilisation method is a preparation technique with great ability to prepare
supported metal nanoparticles with tailored properties. Generally, this preparation
method affords small metal nanoparticles < 10 nm with a narrow particle size distribution
[8,10].

Recently, many reports showed that Ag NPs can be used as an efficient catalyst to catalyse
reduction reactions. He et al., [11] synthesized Ag-deposited on silica-coated magnetic
nanoparticles with average particle sizes of 15(+5) nm for the catalytic reduction of 4-NP

by NaBH3 (as a reducing agent).

Bimetallic NPs, composed of two different metal elements, have received a great deal of
attention, particularly in the field of catalysis, as they have often shown enhanced catalytic
performance compared with their corresponding monometallic counterparts, due to alloy
effects and/or synergistic effects [28-33]. Oh et al., [19] reported synthesis of Pd based
bimetallic catalysts such as Pd-Au, Pd-Pt, Pd-Cu, Pd-Ni and Pd-Ag combinations. They
have compared the efficiency of these bimetallic systems towards 4-NP reduction and
found Pd-Ag system have similar activity to Pd-Au bimetallic catalyst. They could not
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correlate the obtained activity with the characterization results and there was no

significant difference in size between both catalysts.

Recently, Noveron et al., [20] studied the activity of Pt, Au, Ag and Pd nanoparticles
towards the catalytic reduction of 4-NP with NaBHs. They synthesised these
nanoparticles (Pt, Au, Ag and Pd) with average core diameters of about 2, 8, 26 and 39
nm, respectively, by using sodium rhodizonate as a bifunctional reducing & stabilizing
agent. The results indicated that the activity of Ag NPs exhibited significantly higher rates
for the reduction of 4-NP with NaBH4 as compared to Au, Pt and the Pd NPs by a factor
of ~ 1.9, 2, and 13, respectively. In addition, a remarkable improvement for the reduction
of 4-NP as the Au, Pd and Ag particle size decreased [21-23]. The effect of Pd particle
size on the activity of 4-NP reduction has been investigated recently by Rogers et al., in
which a systematic variation in Pd particle size was achieved via modification of sol-
immobilisation method by varying the temperature and solvent environments during the

sol-immobilisation synthesis procedure [23].

In this Chapter, we are interested in studying how the presence of Au and Ag in the Pd
bimetallic system influences the overall catalytic performance towards the reduction of
4-NP by NaBH4. So far, pre-formed colloidal Ag, Pd and AgPd nanoparticles with a
narrow particle size distribution were prepared via a sol-immobilisation method. These
pre-formed nanoparticles were then immobilised onto TiO> and tested for the reduction
of 4-nitrophenol to 4-aminophenol (4-AP) under mild reaction conditions. In addition,
the effect of reducing agent, reaction rate & kinetics and catalyst performance has been
studied in this Chapter by using different reducing agent (i.e. NaBHa, hydrous hydrazine
and formic acid as an alternative green reducing agent). The results from formic acid was
compared to the results obtained from the two common reducing agents in the literature,

sodium borohydride and hydrous hydrazine.
5.2. Experimental

5.2.1. Catalyst preparation

The sol-immobilisation method, as detailed in Chapter 2 (see Section 2.3.2), was used to
prepare monometallic Ag/TiO,, Pd/TiO2 and bimetallic catalysts AgxPdi«/TiO. at
different nominal molar ratio (x = 0.13, 0.25, 0.5, 0.75, 0.87). In this method the PVA and
NaBHa4 were used as stabilising and reducing agents, respectively. All catalysts were dried

at 110 °C for 16 h. All theoretical loadings for monometallic and bimetallic catalysts in
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this Chapter were chosen to be 1 wt. % on to TiO2 (nominal loading). An abbreviated
notation for all performed catalysts that used through this Chapter are presented in Table
5.1.

Table 5.1 Details of the monometallic Ag/TiO2, Pd/TiO2 and AgxPd1-x/TiO2 catalysts
prepared with different Ag:Pd molar ratios.

Sample notation %Ag %Pd
(mol/mol) (mol/mol)

AgITiO; 100 i
Pd/TiO2 - 100
Ago.13Pdo.g7 /TiO2 13 87
Ago.25Pdo.75/TiO2 25 75
AQo.sPdos/TiO: 50 50
Ago.75Pdo.2s/TiO2 75 25
AQo.s7Pdo.13/TIO; 87 13

5.2.2. Catalyst characterisation

To better understand the catalytic performance, a range of characterisation techniques
were used in this study. The catalysts were characterised using powder X-ray diffraction
(XRD) for phase identification, crystallinity and crystallite size, X-ray photoelectron
spectroscopy (XPS) for the identification of metal oxidation state and surface ratio of
Ag/Pd, transmission electron microscopy (TEM) for particle size and particle size
distribution , high angle annular dark field (HAADF) to understanding the
structure/morphology of nanocatalysts and Microwave Plasma Atomic Emission
Spectroscopy (MP-AES) for bulk determination of total metal loading and determination
of leaching after the reaction performed. In addition, UV-Vis Spectroscopy used to assess
the reduction of metal precursors and formation of colloidal metal nanoparticles (presence
and absence of plasmon peak of Ag). The experimental procedures for all of these
techniques are described previously in Chapter 2 ( Section 2.7).

5.3. Results and discussion

5.3.1. UV-Vis spectroscopy

The UV-Vis spectroscopy was used during the formation of Ag and AgPd colloids to
evaluate the state of reduction of the metal salt precursors to confirm the formation of
mono- and bimetallic nanoparticles. In particular, the UV-Vis spectroscopy was used to
evaluate the Ag surface plasmon resonance (SPR) band in monometallic catalyst (i.e.
AgQ/TiOy). Figure 5.1 shows the UV-Vis spectrum of the AgNOs precursor before
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reduction, with a peak at ~ 300 nm which is in good agreement with reported value [6].
In addition, there is no surface plasmon resonance band observed in between 330—700 nm
range for AgNOs indicated that there is no Ag NPs were formed before the addition of
NaBHs. However, after adding NaBHs and stirring for 30 minutes, the maximum
absorbance band for Ag NPs detected at ~ 400 nm (Figure 5.1). This absorption band was
an indication for Ag NPs formation with small particles size(<10 nm) [16], which is
consistent with TEM results (1.7 nm, will be discuss later in Section 5.3.4). These results

are in good agreement with previous reports [24,25].

—Ag Sol
2.01 — AgNO3 precursor
©
g 1.5
[
£ 1.0
3
< 0.5
0.0 : : :
400 600 800
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Figure 5.1 UV-Vis spectra of the AgNOs precursor before chemical reduction and the Ag
sol generated after chemical reduction of the salt by NaBHa4 in the presence of PVA.

Generally, the SPR bands are influenced by the shape, morphology, size, dielectric
environment and composition of the prepared nanoparticles [26,27]. Previous studies
have shown that spherical Ag nanoparticles with diameter smaller than 100 nm show a
plasmonic resonance in the UV-Vis spectra, centered between 400 and 470-500 nm
depending on the size. Less than 10 nm nanoparticles in water resonate at about 400-410
nm and larger particles will show a red-shift [28]. In this work, the SPR band
characteristics of Ag NPs was detected around ~400 nm (Figure 5.1), which strongly
suggests that the Ag NPs were spherical and have smaller size less than 10 nm in

agreement with TEM data as we will show later in Section 5.3.4.

The next step was to synthesise Pd-Ag nanoparticles by varying the Pd/Ag molar ratio
using NaBHjs in the presence of PVA. The obtained UV-Vis spectra of bimetallic colloids
prepared with different Pd/Ag molar ratios are illustrated in Figure 5.2. According to the

literature, no surface plasmon resonance band was observed for Pd nanoparticles [29],
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unlike with Ag [16]. As seen from the UV-Vis spectra of AgPd sols, the surface plasmon
resonance of Ag is not present, for the bimetallic colloidal nanoparticles with high
concentration of Pd, namely Agdo.2sPdo.7s and Ago.13Pdog7, and the UV-Vis spectra is
similar to that of Pd nanoparticle. This is a phenomenon commonly found in the formation
of sols of bimetallic nanoparticles where one of the component metals lacks a surface
plasmon band. This may be due to the fact that increasing the Pd content was the result
of changes in the band structure of the Ag particles due to alloying with Pd, as reported
in the literature by Deki et, al. [30]. However, with increasing the concentration of Ag in
the composition of bimetallic, namely AgosPdos, Ago.7sPdo2s and Ago.s7Pdo.1s, the SPR
band for AgPd sols were observed at ~ 400 nm as abroad peaks depended on the
concentration of Ag NPs in the solution. These results suggest that we have a mixture of
AgPd alloys but also segregated Ag and Pd nanoparticles. At higher ratio of Pd we
increase the AgPd alloy formation at lower no, which is in a good agreement with data

reported in the literature [16].

— Ag sol Pd sol
24 —Pdy.13 Adgg; Sol
—Pd,; . Ag, . Sol

Pd

bs Agyg Sol

——Pd; 75 Ay 5 SO

—Pd, ¢, Ago."a Sol

Absorbance

400 600 800
Wavelength(nm)

Figure 5.2 UV-Vis spectra of Ag, Pd sols and the Pd-Ag sols prepared with different
Pd/Ag molar ratios, generated after chemical reduction of the Pd and Ag salts by NaBH4
in the presence of PVA.

5.3.2. MP-AES analysis

MP-AES Analysis was used to determine the actual Ag, Pd and AgPd metal loading
immobilised onto TiO», following a theoretical (nominal) metal loading of 1 wt. % in all
cases. The actual loading of Ag and Pd in all the catalysts as obtained from the MP-AES
analysis is presented in Table 5.2. The data confirm that the metal loading of all the

samples is close to the expected nominal value. In addition, these results imply that the
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Ag/Pd ratio can be easily tuned by adjusting the ratio of metal precursors during

preparation.

Table 5.2 Results of MP-AES analysis for Pd/TiO2, Ag/TiO2 and AgxPdix/TiO:
catalysts.

Catalyst Ag wt. % Pd wt. %
AQ/TiO2 0.98 -
Pd/TiO2 - 0.94
Ago.13Pdos7 /TiO 0.13 0.86
Ago.25Pdo.75 /TiO2 0.23 0.75
AgosPdos/TiO 0.5 0.48
Ago.75Pdo .25 /TiO: 0.74 0.24
Ago.g7Pdo.13/TiO2 0.85 0.12

5.3.3. Powder X-Ray Diffraction (XRD)

XRD is an efficient tool to identify the crystal structure of supported nanoparticles,
especially for bimetallic nanoparticles [31,32]. In order to study the crystal structure and
crystal size of bare supports and/or gaining valuable information of the supported
nanoparticles, XRD was conducted for bare TiO, (P25) support, monometallic (Ag/TiO2)
and a range of bimetallic catalysts AgxPd1-«/TiO2. The XRD patterns of bare support TiO>
(P25), and all catalysts are presented in Figure 5.3. The diffraction peaks corresponding
to TiO2 (P25) , which is a mixture of anatase and rutile (85:15, respectively) were clearly
detected at 206 = 27.5°, 36.2°, 54.5° and 69.2° for the rutile phase and these particular
diffraction peaks were obtained by referring to the JCPDS file no. 21-1276 [33]. While
the diffraction peaks corresponding to anatase phase TiO. could be observed as
characteristic peaks at 20 = 25.3°, 48.0°, 53.8°, and 62.6° (JCPDS No. 21-1272) [34].

The XRD diffraction peaks, if there is any, for metallic Ag phase in both mono- and bi-
metallic catalysts would be expected to appear at 26 = 38.14°, 44.46°, 64.50° and 77.44°,
which are assigned to the Ag (111), (200), (220) and (311) planes, respectively, see
vertical solid lines in Figure 5.3, (JCPDS, standard file no. 04-0783) [35]. Also,
diffraction peaks of metallic Pd phase in mono- and bi-metallic catalysts, if there is any,
are expected to be at 20 = 40.4°, 46.9° and 68.6° (JCPDS file 01-087-0645), which
corresponding to the Pd (111), (200) and (220) phases, respectively [36]. A PdO (Pd")
diffraction peaks would be expected at 26 = 33.6°, 33.9° and 54.8° (JCPDS file 00-

006-0515) [36]. As can be seen from Figure 5.3, the absence of any diffraction peaks for
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mon- and bimetallic Ag and Pd supported nanoparticles suggests the stabilization of these
nanoparticles in very small sizes and hence out of the detection limits (<5 nm) of the XRD
diffractometer. It was reported in the literature that prepared catalysts through sol-
immobilisation method produced metal catalysts with mean metal particle size around
4 nm [10,23,36]. Such results are found to be in good agreement with our TEM results
(see Section 5.3.4) where the mean metal particle sizes of the supported metal
nanoparticles in all catalysts are less than 4 nm. Moreover, the high metal dispersion on
TiO2 support, which has been observed by TEM analysis, could also contribute to this

observation [10].

*
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Figure 5.3 XRD diffraction patterns obtained for a) TiO2 (P25), b) Ag/TiO2 and c)
AgosPdos/TiO2. The positions of any Ag (solid lines), and Pd (dashed lines) nanoparticles
that may exist in the catalysts.

5.3.4. Transmission electron microscopy (TEM) analysis

TEM was used to study the morphology of the supported metal nanoparticles and to obtain
the mean metal particle size and particle size distribution of Ag/TiO2, Pd/TiO. and
AgxPd1x/TiO; catalysts. Figure 5.4 displays representative TEM images and particle size
distribution of the as-synthesised catalysts. the TEM images clearly show good
distribution of Ag and Pd nanoparticles on the surface of TiO, and there is no sign of
aggregation/agglomeration of nanoparticles. The particle size data for all prepared

catalysts are summarized in Table 5.3.
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As can be seen from Table 5.3, the monometallic Ag/TiO> catalyst shows the smallest
mean particle size (1.74 nm) with narrow particle size distribution, 1 — 4 nm, compared
to the mean particle size of monometallic Pd/TiO, catalyst (2.62 nm) and all other

bimetallic systems.

For the bimetallic AgPd supported nanoparticles, Ago.13Pdos7/TiO2 catalyst has the
smallest mean particle size (2.24 nm) with narrow particle size distribution, 1 — 5 nm,
while Ago.s7Pdo.13/TiO> catalyst possesses the largest mean particle size (3.94 nm) with
broad particle size distribution, 1 — 10 nm. Interestingly, the results clearly demonstrate
that as silver loading increases from 13 to 87%, in this catalyst (AgPd/TiO), the resulting
mean particle size increased from 2.24 to 3.94 nm. Similar trend was also reported by Sun
[18]. In contrast to this observation, Yadong and co-workers saw that particles size were
increased by increasing the Pd concentration in AgPd alloy. However, they used a
different capping reagent (ODE) which can affect the binding in both metals and the
strength of binding that will affect formation and growth [37]. It was claimed that the
dependence of the size of the alloy nanoparticles on the composition to be related to the
collision energy, sticking coefficient, rate of nucleation and growth between the
constituent metals (Ag and Pd) [18].

Table 5.3 Mean value (nm) of particle sizes obtained by TEM analysis for mono- and
bimetallic of Ag and Pd supported catalysts.

Catalysts Mean particle size (hm) Std-dev (¢)
Ag/TiO: 1.74 0.75
Pd/TiO> 2.62 0.92
Ago.13Pdog7/TiO: 2.24 0.58
Ago.2sPdo.75/TiO2 2.26 0.61
Ago.50Pdo50/TiO2 2.77 0.76
Ago.75Pdo 25/ TiO: 3.17 1.35
AQo.g7Pdo.13/TiO2 3.94 1.78
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Figure 5.4 Representative TEM images and the corresponding NPs size distributions of
a) AQ/TIO2 b) Ago13Pdosr/TiO2 €) Ago2sPdo7s/TiO2 d)  AgosPdos/TiO2 e)
Ago.13Pdo.78/TiO2 and g) Ago.s7Pdo.13/TiO2 catalysts.
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5.3.5. X-ray photoelectron spectroscopy (XPS) analysis

XPS analysis was performed to analyse surface chemical composition and to quantify the
oxidation state of prepared catalysts. Table 5.4 shows XPS data of Ag(3d) and Pd(3d) for
mono- and bimetallic Ag and Pd nanoparticles supported on TiO2 together with their
mean particle size values obtained from TEM results. Figure 5.5(a and b) shows the
corresponding XPS core level spectra of Ag(3d) and Pd(3d), respectively. The XPS
results for Ag(3d) in the whole series of samples confirmed the presence of silver oxide
at binding energy of (367.30-366.86 V) which is in agreement with previous report [38].
No evidence for the Ag metallic state which expected to be at binding energy of 368.2 eV
[39]. The absence of metallic Ag is mainly due to its oxidation during the drying step at
110 °C, which involves exposing the sample to air. Given the literature, it is very difficult
to study the mixture of Ag oxides (i.e. Ag20 and/or AgO) since their Ag3d peaks are so
closely spaced and it’s not an easy task to differentiate their peaks. However, the binding
energy observed for Ag(3d) in this study for all samples is very close to the B.E of AgO
(367.4 eV), while Ag-0 is at B.E of 367.8 eV [38].

The XPS spectra of Ag(3d) obtained for the monometallic Ag/TiO> catalyst, show two
symmetric peaks with binding energies (B.E) centred at 367.3 eV and 373.7 eV, which
correspond to Ag3ds. and Ag3ds. doublet transitions, respectively. These binding
energies are very close to that reported for AgO (367.4 eV) with a small negative shift by
(-0.1eV).

In respect to the bimetallic AgxPd:1«/TiO. catalysts, a downward shift in the binding
energy of Ag 3ds2 peak was observed from 367.3 to 366.88 eV upon addition of Pd to
the Ag samples (Table 5.4). It can be noticed from XPS data that the Ag(3d) peaks are
further negatively shifted as Pd/Ag ratio increases, with the most pronounced shift
occurring in the Ago.13Pdo.s7/TiO2 catalyst (0.54 eV). This negative shift in binding energy
can be attributed to the strong metal-metal interaction and hence synergistic effect
between Pd and Ag, and thus suggesting the formation of the AgPd alloy. Similarly, this
observation has been reported previously by Zhu et al., [40]. Moreover, the spectra
indicated that when Pd/Ag ratio is increased, the full width at half maximum (FWHM) of
the Ag(3d) peaks is broadened (Figure 5.5 a) which can be attributed to the reduced size
of the AgPd NPs with increasing Pd/Ag ratio. Such results are in a good agreement with
TEM results (see Table 5.4) where the mean metal particle sizes of the supported metal

nanoparticles are decreased with increasing Pd/Ag ratio.
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For the monometallic (Pd/TiO.) and bimetallic (AgPd/TiO,) catalysts, the XPS data of
Pd(3d) region indicate the predominate of both metallic (Pd®) and oxidic (Pd'") states of
palladium with BE ranging from (334.7-334.2 eV) and from (336.6- 336.2 eV),

respectively. However, only metallic (Pd°) state of palladium is predominate in Ago.7s

Pdo.2s/TiO2 and Ago.s7Pdo.13 /TiO> catalysts without any evidence for PdO phases. The
oxidation state of palladium on the surface of the supported bimetallic catalysts is
presented in Table 5.4.

Table 5.4 XPS data of Ag(3d) and Pd(3d) for mono- and bimetallic Au and Pd

nanoparticles supported on TiO2 along with their mean particle size values obtained from
TEM.

BE (eV) Pd%/Pd" Particle

Catalyst (%) size A(%A)F))d
Ag(3ds2) Pd(3dsy) (nm)

Ag/TiO, 367.3(-0.1) 1.74
Pd/TiO2 334.7(-0.7) 83/17 2.62
Ado.13 Pdog7/TiO2 366.9(-0.54) 334.5(-0.9) 85/15 2.24 5:95
Ado.25 Pdo.75/TIO2 366.88(-0.52)  334.3(-1.1) 86/14 226  13:87
Agos Pdos/TiO2 366.9(-0.5) 334.26(-1.14) 94/6 2.77  40:60
Ado.75 Pdo.2s/TiO2 367.05(-0.35)  334.22(-1.18) 100/0 3.17 66:34
Ago.s7Pd0.13/TIO2 367.2(-0.2) 334.2(-1.20) 100/0 3.94  83:17

Note: BE of bulk AgO = 367.4eV [43] BE of bulk Pd® = 335.4 eV [42]

There is an evidence from Table 5.4 that the ratio of Pd'/Pd° species increases with
increasing the stoichiometric ratio of Pd/Ag in the bimetallic catalysts. As a result, the
highest amount of Pd" species (15%) was found in Ago.13Pdos7/TiO2 catalyst, while the
smallest amount of Pd" species (6%) was observed in AgosPdos/TiO> catalyst. Moreover,
it was found that there is a correlation between the mean particle size of bimetallic
catalyst AgxPd1-x/TiO2 (obtained by TEM) and the extent of Pd"' ( see Table 5.4), where
the mean particle size was found to be smaller in the catalyst with more Pd". These results
are in a good agreement with a recent study by Rogers et al., [23] who synthesized small
Pd NPs by sol immobilization method and found that the smallest Pd nanoparticles size
(1.4 0.4 nm) has the highest ratio of Pd" (71%) and only 29% of Pd®). This observation
can be attributed to the fact that small Pd nanoparticles form an oxidic surface layer at
room temperature when exposed to air, as has been reported from previous literature [41].
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The binding energy of Pd3ds/, peak in monometallic Pd/TiO- catalyst (334.7 eV) is lower
than that of bulk palladium (335.4 eV) [42]. This suggests the presence of strong metal-
support interaction (SMSI) between palladium nanoparticles and the support (TiO>). For
bimetallic catalysts, the addition of Ag to the Pd in the bimetallic catalysts led to a further
negative shift in binding energy of Pd 3ds/» peaks (334.5-334.2 eV), resulting in enhanced
electronegativity of the nanoparticles(Figure 5.5 b), and thus reflecting electron transfer
between Pd and Ag [40]. This observation is strongly suggesting that, in addition to the
strong metal-support interaction (SMSI), there is an evidence for further metal-metal

interaction in AgPd bimetallic system.

Regarding the surface composition, XPS data confirmed that AgPd metal loading and
ratios which were found to be slightly in agreement with MP-AES analysis, Ag:Pd molar
ratios are shown in Table 5.4. However, these data cannot be considered as a true
representation of the real surface composition. This suggests that all the supported
nanoparticles are highly confined and well distributed on the surface of the support with

very small particle sizes.
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Figure 5.5 XPS core level spectra of a) Ag(3d) and b) Pd(3d) for monometallic (Ag/TiO2
and Pd/Ti0.) and series of bimetallic AgxPd1.x/TiO2 catalysts; nominal Pd/Ag ratios are
as indicated.
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5.4. Catalytic reduction of 4-nitrophenol by NaBHa4 over
AgxPd1/TiO> catalysts

Herein this Section, the reduction of 4-NP by NaBH4 was used to evaluate the efficiency
of monometallic Ag/TiO> and Pd/TiO2 catalysts in addition to optimising the
stoichiometric molar ratio between Ag and Pd in the bimetallic system (AgxPd1x/TiO2,
where x = 0.13, 0.25, 0.5, 0.75 and 0.87) with high performance towards the probe

reaction.

5.4.1. Activity testing

The catalytic performance of monometallic (i.e. Ag/TiO2 & Pd/TiOz) and bimetallic (i.e.
AgxPd1x/TiO2) catalysts was tested in the reduction of 4-nitrophenol (4-NP) by NaBH4
as reducing agent. The reaction was conducted under constant stirring (1000 rpm) and
mild reaction conditions using water as the desired solvent, at temperature of 30 °C and
atmospheric pressure. A large excess of NaBH4 over 4-NP was used (NaBH4/4-NP molar
ratio = 30). This will simplify the reaction rate to follow pseudo first order reaction
kinetics. Typically; 5 ml of NaBH4 (0.03 M) is added into a 100 ml round bottom flask,
as batch reactor, that contains the desired amount of catalyst and the aqueous solution of
4-NP (45 ml, 1.35x10*M, 4-NP/metal molar ratio = 13). The total volume of the reaction
mixture was 50 ml. At different time interval (min), aliquot from the reaction mixture
was then withdrawn using 1 ml syringe equipped with a filter (0.45 pm pore size) and
transferred into the UV cuvette for a UV-Vis measurement. Subsequently, the UV-Vis
spectra (in the range of 200 — 800 nm) were recorded and the concentration of 4-NP traced
from the decay of the absorption band centred at 400 nm. Based on the calibration curve
of standard solution of 4-NP, which previously described in Chapter 2, the molar
extinction coefficient was estimated for 4-NP to be 18620 M™ cm™. Finally, the
concentration of 4-NP, as a function of time during the catalytic reaction, was calculated

using the Beer’s Lambert’s law equation as discussed in Chapters 2 and 3.

5.4.2. Catalytic activity of monometallic Ag/TiO, & Pd/TiO>

catalysts.

The catalytic activity of Ag/TiO; catalyst toward the reduction of 4-NP by NaBHa is

shown in Figure 5.6. It can be seen that, there is a linear relationship between In[4-NP]
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and the time of reaction (min). This suggests that the reaction follows pseudo-first-order

reaction kinetics. The apparent rate constant (Kapp) of Ag/TiO; catalyst is 0.18 min™.

Comparing the activity of Ag/TiO2 with monometallic Pd and Au supported on TiO»,
which previously studied in Chapter 3, it was found that Pd/TiO; catalyst exhibited the
highest catalytic activity amongst the monometallic analogous of Au and Ag. The activity
trends are in the following order; Pd/TiO (0.20 min™) > Ag/TiO2 (0.18 min™) > Au/TiO-
(0.14 min'Y), however, the differences in the Kapp values are slightly small particularly,
between Ag/TiO. and Pd/TiO; catalysts. This activity trend agrees well with the results
reported by Srisombat [44]. It’s well know that Pd nanoparticles have the ability to adsorb
hydrogen in many organic reactions [45,46]. So far, the highest activity observed for
Pd/TiO> catalyst (with mean particle size = 2.6 nm) is expected due to the fact that Pd
nanoparticles have active sites for hydrogen adsorption, and hence facilitate the removal

of hydrogen from NaBH4 which then can be used for the reduction of 4-NP.

The high activity of Ag/TiO> catalyst, compared to Au/TiO2, could be correlated to the
small mean particle size obtained for the former (1.7 vs 2.6 nm for Ag and Au,
respectively). These results are in agreement with previous work done by Al-Marhaby et
al., [47] who demonstrated that the Ag NPs with smaller particle sizes have higher activity

and hence interaction with 4-NP.

Time (min)
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Figure 5.6 In[4-NP] as a function of time plot for Ag/TiO.. Reaction conditions: 4-
NP/metal molar ratio = 13, NaBH4 /4-NP molar ratio = 30, stirring rate = 1000 rpm and
T=30°C
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5.4.3. Catalytic activity of bimetallic AgxPd:«/T10> catalyst series.

As we discussed previously in Section 5.4.2, monometallic Ag/TiO2 and Pd/TiO:
catalysts showed a promising activity towards the reduction of 4-NP by NaBHa.
According to the literature, we believe that bimetallic system containing both Ag and Pd
supported on TiO2 would have better activity than the monometallic analogous. Initially,
we have prepared AgPd/TiO> catalyst (Ag:Pd molar ratio = 1:1) and then was tested in
the reduction of 4-NP, under similar reaction conditions as in the preceding Section. The
results showed that the prepared catalyst (Ago.sPdos/TiO2) showed promising and higher
activity with Kapp value of 0.8 min than monometallic Ag/TiO2 and Pd/TiO; by a factor
of ~ 4.4 and 4 respectively. However, we believe that the obtained performance could be
further tuned up by optimizing the best stoichiometric ratio between Ag and Pd during
the synthesis process. In this context, a series of bimetallic AgPd/TiOz catalysts with
different Ag:Pd molar ratio were prepared (see Section 5.2.1) with a chemical formula of
AgxPd1x/TiO2, where, x = 0.13, 0.25, 0.75 and 0.87. The activity of the bimetallic
catalysts was screened towards the reduction of 4-NP under the same reaction conditions
conducted for monometallic Ag/TiO2 and Pd/TiO> catalysts (see Section 5.4.1). The
results of the catalytic reduction of 4-NP by NaHB4 over AgxPdix/TiO catalysts are
illustrated in Figure 5.7 and the obtained apparent rate constant values (Kapp) are

summarized in Table 5.5.
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Figure 5.7 In[4-NP] as a function of time for 4-nitrophenol reduction over the series of
AgxPd1x/TiO2. Reaction conditions: 4-NP/metal molar ratio = 13, NaBH4 /4-NP molar
ratio = 30, 1000 rpm, 30 °C.T =30°C

As can be seen from this Figure, the reaction over all catalysts follows a pseudo first order
reaction Kinetics. In addition, the data presented in Table 5.5, confirm that all bimetallic
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catalysts have higher activity than monometallic analogous. As can be seen, the Kapp
values for bimetallic system (AgxPd1«/TiO,) are in the arrange of 0.23 — 1.30 min%, while
for Ag/TiO, and Pd/TiO- catalysts are 0.18 and 0.2 min™, respectively. Obviously,
Ago.2sPdo.7s/TiO2 catalyst with Ag:Pd molar ratio of 0.25 : 0.75 exhibited the highest
activity (Kspp = 1.3 min™) amongst all other bimetallic combinations. In contrast,
bimetallic Ago.s7Pdo.13/TiO> catalyst, with the poorest palladium content (13 %), showed
the lowest activity (Kapp of 0.23 min).

Table 5.5 Catalytic activity of Pd/TiO2, Ag/TiO2 and AgxPd:1«/TiO> catalysts on the
reduction of 4-NP by NaBHa.

Catalyst Kapp (Min)
Pd/TiO- 0.20
Ago.13— Pdog7/TiO> 0.35

Ado.2s — Pdo.75 /TiO2 1.30

Agos — Pdos/TiO; 0.8

Ago.75— Pdo.2s/TiO; 0.27

Ado.g7 — Pdo.13/TiO2 0.23
Ag/TiO; 0.18

To better understanding the effect of Ag/Pd ratio in the performance of the bimetallic
system, a relationship between the apparent rate constant values (Kapp) and the mean
particle sizes are plotted against Pd content (%), in AgxPd1«/TiO> catalyst, and presented
in Figure 5.8. As can be seen from this figure, a volcano shape is obtained with a highest
activity observed for Ago.2sPdo.7s/TiO2 catalyst. Initially, the activity was increased as the
Pd to Ag molar ratio increases until reached a maximum value with the catalyst having
Pd:Ag molar ratio of 0.75:0.25 (Kapp = 1.3 min't). This was expected giving the fact that
Pd is more active in this reaction than supported Ag NPs. Afterwards, a remarkable
decrease in the catalyst’s activity was observed upon increasing the Pd to Ag molar ratio
from 0.75t0 0.87. As aresult, the Kapp Value of the bimetallic catalyst with rich Pd content
(Ago.13Pdo s7/TiO,) decreased to 0.35 min™.

In addition, and as can be seen from Figure 5.8, there is a reciprocal relationship between
the Kapp values and the mean sizes of supported NPs. Clearly, our results demonstrate that
catalysts’ activity increases with decreasing the mean particles size of the supported
nanoparticles. The highest active catalyst (Ago.2sPdo.75/TiO2) have mean particle size of
2.26 nm, while the lowest active catalyst (Ago.13Pdo.s7/TiO2) possess a mean value of ~ 4
nm. Similar observation, in regard to the particle size and their activity towards the

reduction of 4-NP by NaBH4, were recently reported by Rogers et al., [23]. They prepared
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1 wt.%Pd/TiO> catalyst using the same sol-immobilisation method, which is used here
and found that catalysts with smallest mean particle size (~ 2.5 nm) showed the highest
activity for the reduction of 4-NP by NaBHjs. It worth to mention here that, although
Ado.2sPdo 75/ TiO, catalyst showed the highest activity (Kapp = 1.3 mint, 2.26 nm), it has
relatively larger mean particle size than the less active Ago.13Pdo.s7/TiO2 catalyst (Kapp =
0.35 min, 2.24 nm). This suggests that there might be another factor which could be
responsible for the observed activity such as synergistic effect between Ag and Pd and

the metal/metal interfaces [48] which confirmed by XPS results.
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Figure 5.8 The apparent rate constant (Kapp) and mean particle sizes against Pd content
(%) in the series of AgxPd1x/TiO> catalysts. Reaction conditions: 4-NP/metal molar ratio
=13, NaBH3 /4-NP molar ratio = 30, stirring rate = 1000 rpm and T = 30 °C.
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5.5. Reduction of 4-Nitrophenol using formic acid as H donor

Over the last half a century, catalytic transfer hydrogenation has been shown to offer
significant potential value in the field of organic and biochemistry [51]. More recently,
the idea of employing chemical hydrides, e.g. borohydrides, hydrous hydrazine, and
especially formic acid, for liquid phase storage of hydrogen under ambient conditions has

been the subject of intense research interest [52].

Formic acid (FA) is a major product formed during biomass processing [53]. It has been
considered as one of the most promising materials for hydrogen storage today due to its
high volumetric hydrogen content, liquid state at room temperature, high stability,
environmental safety, low toxicity [54]. Also, it can be used to generate different gaseous
products (such as; Hz and CO», etc.) by decomposition [55]. Furthermore, formic acid
(and its salts) are able to donate hydrogen more easily than other potential hydrogen
donors[56]. This results from the fact that a stable molecule such as CO2, which has a
very large negative enthalpy of formation released from the hydrogen donor during the
transfer hydrogenation reaction. Simply stated, the hydrogen donation is irreversible.

This is one of the major driving forces for the high reactivity of formats [55].

Formic acid has also been considered as a fuel in direct formic acid fuel cells (DFAFC)
with its gravimetric hydrogen capacity of 4.4 wt%[54]. Hydrogen stored following formic
acid decomposition can be released via a catalytic dehydrogenation reaction (Equation
5.1). However, the unwanted dehydration reaction (Equation 5.2) can also take place
according to existing reaction conditions and catalyst selection. Increased heat and acidity
generally promote dehydration reactions

HCOOH — CO2+H,  AG=-48.4 ki mol™ (Eq. 5.1)

HCOOH — CO+H,0  AG=-28.5 k] mol! (Eq. 5.2)
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To close the cycle (Figure 5.9), CO> can be hydrogenated back to formic acid resulting in
a CO- neutral process with a high selectivity and high catalytic activity [55]. A range of
methods were used to close this loop for cheap and renewable production of hydrogen,

compared to wind energy, such as electrolysis [57].

HCOOH

Hydrogen storage Hydrogen delivery

H, H,
Co,

Figure 5.9 Formic acid/carbon dioxide cycle for hydrogen storage.

Formic acid has been employed as H-donor for different hydrogenation reactions [20—
28]. However, to date the use of formic acid as reducing agent (H-donor) for reduction of
4- nitrophenol has not been thorough investigated and reported in the literature.

Gowda et al., [51] reported the efficient catalytic transfer hydrogenation with formic acid
using 10% Pd/C catalyst and it was shown the mild, simple and rapid reduction of nitro-
group. They performed this reaction at room temperature for more than 50 different
aromatic nitro compounds, including 4-nitrophenol. Their investigation showed that most
of these compounds were converted to their corresponding amino in good Yyield.
However, the method fails in case of halogen substituted aromatic nitro compounds
and they attributed to the halide ion which may deactivate the Pd/C catalyst. The
reduction time in most cases was in the range of 3 to 30 min, however, the reaction
completion time for 2,2-dinitrodibenzyle was 60 min, while for 4-nitrophenol was 10 min
with conversion yield of 91%. Furthermore, this investigation showed that using formic
acid as H-donor for aromatic nitro compounds has several advantages such as; (i)
selective reduction of aromatic nitro compounds in the presence of other reducible groups,
(i) rapid reaction, (iii) high yields of substituted anilines, and (iv) no pressure apparatus

is needed (v) safety.

Subsequently, Javaid et al., [58], investigated the reduction of 4-nitrophenol using
aqueous formic acid under mild reaction conditions in catalytic tabular flow reactors.
They modified the inner surface of the tubular reactors by adding a thin layer of Pd metal,

aporous Pd and PdO layers. They demonstrated that the reduction of 4-NP was dependent
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on the catalyst layer type, temperature, pH, concentration of formic acid, and residence
time in the reactor. Furthermore, thier study showed that PdO provides more surface OH
group than metallic Pd surface and hence providing more active sites with the substrate
(4-NP). Furthermore, the study showed that 4-NP was reduced in transfer hydrogenation
process and not by molecular Hz generated from the dehydrogenation of formic acid. They
validated their assumption by a control test in the absence of 4-NP resulting with no
consumption of formic acid suggesting that the reduction of 4-NP was occurred via

hydrogen transfer mechanism [58].

The reduction reaction of 4-NP with formic acid is:

OH OH

Catalyst
+3HCOOH — — — +3CO, + 2H,0

NO, NH,

Scheme 5.1 Reduction of 4-NP using formic acid [58]

In this Section, formic acid as green reducing agent for the reduction of 4-nitrophenol is
used instead of NaBH4. Different mono metallic (Au, Pd and Ag) and bimetallic catalyst,
namely, AuPd and AgPd supported on TiO- are examined as catalysts for the reduction
of 4-NP using formic acid as hydrogen donor. In addition, the influence of formic acid
concentration in the apparent rate constants and the effect of the bimetallic composition

and optimum ratio have been studied with respect to the same reaction.
5.5.1. Catalytic reduction of 4-nitrophenol by formic acid (FA)

The reduction of 4-NP to 4-AP using formic acid was carried out in a glass reactor,
described in detail in Chapter 2 (Section 2.4.1). The reaction was conducted under
constant stirring (1000 rpm) and mild reaction conditions using water as solvent at 30 °C
and atmospheric pressure. To maintain a pseudo-first order reaction kinetics, an excess of
formic acid was used (formic acid/4-NP molar ratio =15-55, with an optimum value of
45). Typically; 5 ml of formic acid is added into a 100 ml round bottom flask, as batch
reactor, that contains the desired amount of catalyst and the aqueous solution of 4-NP (45

ml, 1.35x0* M , 4-NP/metal molar ratio = 13). The total volume of the reaction mixture
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was 50 ml. At different time interval (min), aliquot from the reaction mixture was then
withdrawn using 1 ml syringe equipped with a filter (0.45 pum pore size) and transferred
into the UV cuvette for a UV-Vis measurement. Subsequently, the UV-Vis spectra (in the
range of 200 — 800 nm) were recorded and the concentration of 4-NP traced from the
decay of the absorption band centred at 317 nm. Based on the calibration curve of standard
solution of 4-NPwith formic acid, which previously described in Chapter 2, the molar
extinction coefficient was estimated to be 9784 Mt cm™. Finally, the concentration of 4-
NP, as a function of time during the catalytic reaction, was calculated using the Beer’s

Lambert’s law equation as discussed in Chapters 2 and 3.

It is worth to mention here that, upon the addition of formic acid to the reaction mixture,
the 4-NP peak remains unaltered at A 317 and did not move to 400 nm, as we observed
previously under basic conditions (i.e. when using NaBH4 as a reducing agent), see Figure
5.10. Furthermore, the colour of 4-NP solution changed from pale yellow to colourless,
which is also in contrast of the case of NaBH4 (Figure 5.10a). This observation suggests
that in the present of formic acid the nitrophenolate ions peak could not be observed
because the formic acid acidifies the reaction medium (pH = 2.5), which decrease the rate
of 4-NP ionization to 4-nitrophenolate ion, hence, no shift in the absorption band of 4-NP
was observed [58]. In a control experiment, where 4-NP and formic acid are used in the
absence of catalyst, no conversion of 4-nitrophenol was observed, indicating that 4-NP is
not reduced by formic acid solely. However, a significant decrease of the peak at A = 317
nm is observed in the presence of catalyst, along with the development of a peak at A =

300 nm, indicating the formation of 4-AP. The presence of isosbestic points in the UV-

a 4-NP+ Formic acid b 4-NP + formic acid
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Figure 5.10 a) Image for colour change during catalytic reduction of 4-nitrophenol to 4-
aminophenol by formic acid. b) An example for UV-Vis spectra collected during the
catalytic reduction of 4-nitrophenol by formic acid using a Pd/TiO> catalyst.
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Vis spectra (Figure 5.10b) suggests that 4-AP is a sole product of the reaction, and
consequently no side reaction occurs, which is in agreement with previous report [58].
In addition, the GC-MS signals were used to confirm that 4-AP is the sole product of this

reduction (see appendix Figure Al).

5.5.2. Influence of formic acid concentration

The effect of formic acid (FA) concentration on the catalytic reduction of 4-NP was
investigated initially. Higher concentration of formic acid is required to use in order to
maintain the pseudo first-order reaction conditions, and then the apparent rate reaction
constant (Kapp) is dependent solely on the concentration of 4-NP. Here, concentration of 4-
NP (1.35x0* M) and amount of catalyst (Pd/TiO2, 4-NP/metal molar ratio = 13) were
constrained to a constant value and the formic acid concentration was varied, FA/4-NP

molar ratio = (15-55), as shown below in Figure 5.11.

10 20 30 40 50 60
FA/4-NP molar ratio

Figure 5.11 Effect of the concentration of formic acid on Kapp for reduction of 4-NP
over Pd/TiOz. Reaction conditions: 4-NP/metal molar ratio = 13, stirring rate = 1000
rpm and T = 30 °C, FA/4-NP molar ratio = (15-55) with a constant concentration of
4- NP[1.35x0*M ].

It could be shown that the apparent rate constant is increasing with an increasing
concentration of formic acid until maximum value with a molar ratio of formic acid/4-NP =
45. Subsequently, further increase in the concentration of formic acid results in a flat plateau
at higher concentration. The trend of the graph obtained from Figure 5.11 is similar to the
graph reported by Suzuki et al., [58] who studied the effect of formic acid concentration
on the conversion of 4-NP at 30 °C. The nonlinear relationship between the Kapp values
and the formic acid concentration, in addition to the saturation at high concentrations,

directly indicate that the reactants are competing for the reactive sites on the metal
158



Chapter 5 Effect of reducing agent on the reduction of 4-nitrophenol

surface. This means that there should be an optimal concentration where the reaction rate
has reached a maximum value. Moreover, it becomes evident that this reaction follows a
Langmuir-Hinshelwood mechanism. Therefore, a formic acid /4-nitrophenol molar ratio of

45 has chosen to be the optimum molar ratio in this work.

5.5.3. Catalytic activity of bimetallic AuxPdix/TiO-

Monometallic Au and Pd nanoparticles supported on TiO2 (i.e. Au/TiO2 and Pd/TiO;
catalysts) showed promising activity for the reduction of 4-NP by NaBH4 (Kapp = 0.14
and 0.2 min, respectively), as described previously in Chapter 3. Moreover, the activity
was further enhanced with bimetallic Au and Pd system (i.e. AuPd/TiO> catalyst, Kapp =
0.38 min™) due to the synergistic effect in AuPd alloy with an optimum molar ratio of
Au:Pd = 1:1. To further optimize the reaction conditions, we attempted, herein this
Section, to explore the effect of reducing agent on this reaction by replacing NaBH4 with
an alternative renewable source such as formic acid (HCOOH) which is safe, easy to
handle and requires no high pressure equipment. To best of our knowledge, using
bimetallic combination of Au and Pd supported on TiO> as a catalyst together with formic
acid, as a reducing agent, have not been reported before for the reduction of 4-NP. The
lack of literature on use of this bimetallic system in this reaction may be due to the fact
that Au NPs are not active in formic acid decomposition at mild reaction conditions [59—
61].

Initial screening for the activity of monometallic Au/TiO2 and Pd/TiO> catalysts for this
reaction, using formic acid as a H-donor, showed that Au/TiO; catalyst is inactive, while
Pd/TiO; is active with Kapp = 0.07 min, as shown in Figure 5.12 and Table 5.6. The
catalytic activity of bimetallic Au and Pd system was also screened, focusing initially on
a molar ratio of Au:Pd = 1:1, as it was the optimum molar ratio when using NaBH4 as a
reducing agent (described previously in Chapter 3). Although, monometallic Au
supported nanoparticles was not active, interestingly, the activity of monometallic
Pd/TiO, catalyst was further enhanced by a factor of ~ 6 (Kapp = 0.4 min™) after adding
Au as a second metal and mixed with Pd, to form AuPd alloyed nanoparticles (see Figure
5.12 and Table 5.6). This enhancement in activity of bimetallic AuPd/TiO, catalyst might
be due to the synergistic effect between Au and Pd in the AuPd alloyed nanoparticles, as

described and confirmed previously in Chapter 3.
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Figure 5.12 (a) Conversion (%) and (b) In[4-NP] as a function of time (min) for the
reduction of 4-NP by formic acid over Pd/TiO2 and AuosPdos/TiO2 catalysts. Reaction
conditions: 4-NP/metal molar ratio = 13, formic acid/4-NP molar ratio = 45, stirring rate
=1000 rpmand T = 30 °C.

To further optimize the composition and the molar ratio between Au and Pd nanoparticles
towards the reduction of 4-NP by formic acid, we have examined the same AuxPd1«/TiO>
catalyst series that were tested in Chapter 3 using NaBHa as a reducing agent (i.e. AuxPds-
«/TiO2, x = 0.13, 0.25, 0.5, 0.75, 0.87). As a result, a relationship between the apparent
rate constant values (Kapp) are plotted against Pd content (%), in AuxPd1x/TiO> catalyst
series, and presented in Figure 5.13 and data are summarized in Table 5.6. The results
show clearly that the Au and Pd molar ratio can affect the apparent rate constant of the
reduction of 4-NP by formic acid. As can be seen from this figure, a volcano shape, with
the highest activity for AuosPdos/TiO2 catalyst, was also obtained as observed previously
in Chapter 3 when NaBHa used as a reducing agent. The results showed that monometallic
AU/TiO: catalyst and even after the inclusion of 13% Pd (i.e. Auo.g7Pdo.13/TiO> catalyst)
are inactive for this reaction. Subsequently, the bimetallic catalyst started to work after
the inclusion of 25% of Pd (i.e. Auo.7sPdo2s/TiO2 catalyst, Kapp = 0.08 min™). Further
addition of Pd content in the AuPd alloyed nanoparticles lead to an enhancement in the
catalyst’s activity reaching a maximum value at the top of the volcano shape with 50% of

Table 5.6 Catalytic activity of Pd/TiO2, Au/TiO2 and AuxPd1«/TiO> catalysts on the
reduction of 4-NP by formic acid.

Catalyst Kapp (Min)
Pd/TiO> 0.07
Auo.13Pdog7 /TiO2 0.1

Auo 25Pdo.75 /TiO2 0.13
AuosPdos/TiO: 0.4
Auo.75Pdo.25/TiO2 0.08

Ao g7Pdo.13/TiO> 0

AU/TIiO2 0

160



Chapter 5 Effect of reducing agent on the reduction of 4-nitrophenol

0.4- .
0.3 P
E 0.2 :x!
2011 R
¥ ) .
D.L’l-r— -n’

0 20 40 60 80 100
Pd molar %

Figure 5.13 Kapp 0f 4-NP reduction by formic acid versus Pd molar ratio% in the series of
AuxPd1/TiO> catalysts. Reaction conditions: 4-NP/metal molar ratio = 13, FA/4-NP
molar ratio =45, stirring rate =1000 rpm, T= 30 °C.

Pd content (i.e, AugsPdos/TiO, catalyst, Kap = 0.4 min™). Afterwards, a remarkable
decrease in catalyst’s activity was observed whilst increasing the Pd content to 87% in

Ao 13Pdos7/TiO; catalyst, Kapp = 0.1 min™™,

The heterogeneous catalysis for the reduction of 4-NP by formic acid may occur in four
steps: (i) adsorption of the reactant molecules (both 4-NP and formic acid) to the catalyst
surface, (ii) diffusion of the molecules to the active site (AuPd alloyed nanoparticles ) and
formation of the surface adduct, (iii) reaction of the adduct to form the adsorbed product
and (iv) finally desorption of the product (4-AP and COy). Thus, in our case the formic
and 4-NP adsorbed on the catalyst surface undergoes intermolecular electron transfer
through the catalyst followed by transfer of H. to 4-NP. The generated 4-AP and CO-
then desorbed from the surface and then reoccupied by the fresh reactant molecules. In
this way the metal surface is renewed for continuous reaction to occur. A suggested
mechanism of this reaction over our bimetallic AuPd/TiO. catalyst can be illustrated in

the following scheme representation (Figure 5.14):
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Figure 5.14 Schematic representation for the mechanistic of the 4-NP reduction by formic
acid over supported nanoparticles.
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The transfer of H, from formic acid to a nitro compound has frequently taken place where
a base, such as triethylamine and NHs, is present, and so adding bases is normally required
for transfer hydrogenation [58]. The base-free catalytic transfer hydrogenation of a nitro
compound demonstrated in our case is quite uncommon and may possibly be due to pH
dependence of the electrostatic interaction between the catalytic surface and formic
acid/format interfaces [58]. Formic acid dehydrogenation and subsequent reduction of the
nitro group may be a pathway for this reaction.

To ensure that the nitro group is reduced by hydrogen generated by dehydrogenation of
formic acid, we conducted a control test, in the absence of 4-NP, and we found that formic
acid was consumed, and hydrogen was, subsequently, generated which might be
responsible for the reduction of 4-NP [59-61]. However, we cannot exclude the second
mechanism in which the reduction of nitro group can be taken place through the transfer

hydrogenation process as reported previously by Javaid et al., [58].

To further get insight into the mechanism and the role of Au and Pd nanoparticles, 50%
of Au/TiO2 and 50% of Pd/TiO> catalysts were physically mixed together and used for
the reduction of 4-NP. The obtained results are presented in Figure 5.15. The results
clearly demonstrated that there was a drop in the activity by nearly 60% compared to the
activity of monometallic Pd/TiO> catalyst. This suggests that Au/TiO> alone is not active
in the reaction and has no any promotion effect on the activity of Pd/TiO; in contrast it
has a negative effect on the activity of Pd/TiO2. This observation can explain the high
activity of AuPd alloyed nanoparticles in the bimetallic system. The results suggest that
there is no synergistic effect between the two pure metal in the case of physical mixing.
It can be attributed to the fact that the individual Au and Pd nanoparticles, in the physical
mixture, are segregated, while, the AuPd in the alloyed bimetallic catalyst are consistent
of homogeneous random of AuPd alloy resulting a strong interaction between the two
metals and hence the presence of a synergistic effect. Therefore, we can conclude that the
high activity of Au/Pd bimetallic system was due to the synergistic effect of AuPd alloyed

nanoparticles.
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Figure 5.15 Conversion (%) as a function of time (min) for the reduction of 4-NP by
formic acid over Pd/TiO2 and physically mixed (Au/TiO. and Pd/TiO2) catalysts.
Reaction conditions: 4-NP/metal molar ratio = 13, formic acid/4-NP molar ratio = 45,
stirring rate = 1000 rpm and T = 30 °C.

5.5.4. Catalytic activity of bimetallic AgxPd1/TiO>

As we found previously, AuosPdos/TiO2 catalyst showed promising activity for the
reduction of 4-NP by formic acid, as H-donor. The observed activity was correlated to
the synergistic effect between Au and Pd in the alloyed nanoparticles. Herein this section
we aimed to explore the activity of another bimetallic system, mainly AgPd alloyed
nanoparticles supported on TiO> towards the reduction of 4-NP when formic acid used
as H-donor. Initially, we have started to screen the activity of monometallic Ag/TiO2 and
Pd/TiO, catalyst towards the reduction of 4-NP by formic acid. Subsequently, a
combination of bimetallic systems containing different stoichiometric ratios of Ag and Pd
nanoparticles have been also tested for this reaction. The obtained results are summarized
in Table 5.7. The obtained results indicated that, monometallic Ag/TiO> catalyst is not
active for this reaction, which is very similar to the inactive Au/TiO catalyst. The non-
activity of supported Ag nanoparticles maybe due to its non-ability of formic acid
dehydrogenation [17,62]. In contrast, monometallic Pd/TiO; catalyst exhibited promising
activity (Kapp = 0.07 mint).

To further optimize the composition and the molar ratio between Ag and Pd nanoparticles
towards the reduction of 4-NP by formic acid, we have examined the same AgxPd1x/TiO>
catalyst series that were tested in this Chapter using NaBH4 as a reducing agent (i.e.
AgxPd1/TiO2, x = 0.13, 0.25, 0.5, 0.75, 0.87). As a result, a relationship between the
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apparent rate constant values (Kapp) are plotted against Pd content (%), in AgxPd1x/TiO>

catalyst series, and presented in Figure 5.16 and data are summarized in Table 5.7.
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Figure 5.16 Kapp 0f 4-NP reduction by formic acid versus Pd molar ratio% in the series of
AgxPd1/TiO, catalysts. Reaction conditions: 4-NP/metal molar ratio = 13, FA/4-NP
molar ratio =45, stirring rate =1000 rpm and T= 30 °C.

Table 5.7 Catalytic activity of Pd/TiO2, Ag/TiO2 and AgxPd1«/TiO> catalysts on the
reduction of 4-NP by formic acid.

Catalyst Kapp (Min™)
Pd/TiO> 0.07
Ago.13Pdos7 /TiO2 0.09
Ago.25Pdo.75 /TiO2 0.12
AgosPdos/TiO: 0.02
Ago.75Pdo.2s/TiO2 0.01
Ago.87Pdo.13/TiO2 0

AgITiO; 0

The results show clearly that the Ag and Pd molar ratio can affect the apparent rate
constant of the reduction of 4-NP by formic acid as H-donor. As can be seen from this
figure, a volcano shape, with the highest activity for Ago.2sPdo.7s/TiO2 catalyst, was also
obtained as observed previously in this Chapter when NaBH4 was used as a reducing
agent. The results showed that monometallic Ag/TiO- catalyst and even after the inclusion
of 13% Pd (i.e. Ago.s7Pdo.13/TiO2 catalyst) are inactive for this reaction. Subsequently, the
bimetallic catalyst started to work after the inclusion of 25% of Pd (i.e. Ago.7sPdo.25/TiO2
catalyst, Kapp = 0.01 min™). Further addition of Pd content in the AgPd alloyed
nanoparticles lead to an enhancement in the catalyst’s activity reaching a maximum value
at the top of the volcano shape with 75% of Pd content (i.e, Ago.2sPdo75/TiO2 catalyst,
Kapp = 0.12 mint). Afterwards, a remarkable decrease in catalyst’s activity was observed
whilst increasing the Pd content to 87% in Ago.13Pdos7/TiO- catalyst, Kapp = 0.09 min’™,
In summary, this trend in activity is very similar to our results, with the series of catalysts,

when NaBH4 was used as a reducing agent.
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5.6. Reduction of 4-nitrophenol using hydrous hydrazine as H

donor

Recent research has focused on the possibility of using sodium borohydride as a hydrogen
source for the reduction of 4-NP to 4-AP under alkaline conditions [45-51]. However,
employment of alternative sources of hydrogen, particularly, hydrous hydrazine, other
than sodium borohydride for the reduction of 4-NP has been scarcely reported in the

literature.

Hydrous hydrazine, such as hydrazine monohydrate, HoNNH.-H-O, is a carbon-free
chemical hydrogen storage material, existing in the liquid state over a wide range of
temperature (213-392 K). In addition, it has a hydrogen content as high as 8.0 wt.%
available for hydrogen release [70,71] which much higher than the hydrogen content of
formic acid (4.4 wt.%). Hydrous hydrazine is much safer than pure hydrazine, which the
latter is scientifically considered hazardous material [72]. Moreover, It is much cheaper
than sodium borohydride and formic acid (according to Sigma-Aldrich prices by a factor
of 7 and 1.4, respectively), and it is also relatively easy to produce. The basic source of
hydrazine, nitrogen and hydrogen, are found abundantly in nature and there is no limit to
compound recycling [73]. Hydrazine synthesis can also be carried out in conjunction with

the mass-synthesis of ammonia and urea[74].

Catalytic decomposition of anhydrous hydrazine, in the presence of trace amount of
transition metals, has been explored by various research groups [70,73,75,76] and it has
been shown that hydrazine can be decomposed in two ways; (i) the complete
decomposition to generate hydrogen and inert N2 in gaseous states (Equation 5.3) and in
this way, the in situ production of hydrogen gas on the active metal surface promotes
reduction reactions. Hydrogen generated by this reaction can be utlised for the reduction

process, circumventing the requirement for elaborate hydrogenation apparatus [77].

HoNNH,; ——= Nj(g) + 2H,(g2) AH =-954kImol? (Eq.5.3)

(i) The incomplete decomposition (Equation 5.4);

3H,NNH, ——— 4NH; + Ny(g) AH =-157 kI mol?  (Eq.5.4)
Most of these reports on the decomposition of hydrazine show the presence of ammonia
as a side-product, whereas the selective decomposition of hydrazine to exclusive

hydrogen is scarce [70,73].
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As hydrogen source, hydrous hydrazine has been widely used for many reactions [78—
80]. Recently, using hydrous hydrazine as a hydrogen source for the reduction of 4-NP to
4-AP in alkaline solution has received more attention. Saleh and co- works [81] used
hydrous hydrazine as the hydrogen donor for 4-NP reduction over Ni/SiO2 and Ni/Al>O3
which prepared by impregnation method. Their findings indicated that the application of
hydrous hydrazine as a hydrogen source proved highly effective for 4-NP reduction to 4-
AP, with only Hz and N2 being produced from the catalytic decomposition of hydrazine
hydrate, ammonia was not observed in this reduction system . This investigation
demonstrated that Ni/Al,O3 catalyst had higher efficacy than Ni/SiO; for the reduction of
4-NP in the presence of hydrous hydrazine. In addition to all these observations, they
proposed a possible mechanism for this reaction, taking into consideration the color
change observed during the reaction. This proposed mechanism suggests that H»
(produced from the decomposition of hydrazine over Ni metal) is firstly added to the
nitro-group leading to the elimination of two water molecules and a rearrangement of the
molecular structure to produce a green intermediate compound (A) (Scheme 5.2). The
subsequent addition of a further H, molecule to the green intermediate leads to the

generation of 4-aminophenol.

OH 0=H
Mano Ni STH3
: - H20
H; generation  form )
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% ) d"'""}_-. & -4
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OH
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Scheme 5.2 Proposed mechanism for the reduction of 4-NP using hydrous hydrazine
suggested by Saleh et.al [81].

Subsequently, the same group [82] extended their studies to demonstrate the influence of
the bimetallic Ni/ Cu loaded on zeolites for reduction of 4-NP by using hydrous hydrazine
as hydrogen source. The results of this work clearly demonstrated that bimetallic Ni/Cu

catalysts showed superior catalytic activity relative to monometallic Ni loaded on the
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same zeolites. Furthermore, they observed that whilst single metal copper is inactive in
this hydrogenation process, it will, however, decompose hydrous hydrazine in the vicinity
of highly active Ni metal in the same alloy, causing an increased generation of H> and

consequently improved reaction rate.

Yazid et al., [83] reported the reduction of 4-nitrophenol by hydrous hydrazine as the
reducing agent over an AuU/TiO2 catalyst, which was prepared by the deposition-
precipitation (DP) method at several pH levels. They demonstrated that the catalytic
activity was dependent upon gold particle size, loading, distribution and the pH. Findings
indicate that the smaller Au particles (4 -and 5 nm) constitute the most active catalytic
particles in this reaction. Song et al., [84] synthesized ZnO-loaded CoosgsSe
nanocomposites via the hydrothermal process for the hydrous hydrazine decomposition
and catalytic reduction of 4-nitrophenol. They demonstrated a remarkable performance
for the decomposition of hydrous hydrazine and subsequent catalytic reduction of 4-NP
relative to individual Coo.gsSe or ZnO components. Yu et al., [85] employed hydrazine as
hydrogen donor and anhydrous ethanol as a solvent with Pd/ CSs for nitroaromatic
reductions. They observed that Pd nanocrystals showed superior catalytic activity for
transfer hydrogenation of nitroaromatics under ambient conditions. Furthermore, they
observed that the palladium precursor, additive and metal loading all greatly influenced
the size of loaded Pd nanoparticles and their subsequent catalytic activity. However,
conversion of 4-NP to 4-AP was only 83.1 % over 22 h with 100 % selectivity to 4-
aminophenol. In addition, this investigation studied the influence of solvent, reaction

temperature and concentration of hydrous hydrazine on selectivity improvement.

Figueras et al., [86] studied the reduction of aromatic nitro compounds with hydrous
hydrazine at 333 K in the presence of the iron (l11) oxide-MgO catalyst and methanol as
solvent. The catalyst was found to be highly active and 100% selective and no
dehalogenation or demethylation was observed. However, the reusability study of the
catalyst showed that the catalyst became deactivated after each run. They restored the
original activity for used catalyst by reactivated in nitrogen at 723 K. They concluded that
the deactivation was attributed to the decrease in the surface area due to hydration of the

catalyst by water in hydrous hydrazine and water formed in the reaction.

Selim and Fathy [87] studied the influence of catalyst loading and concentration of NaOH
for reduction of 4-NP and using hydrous hydrazine as hydrogen donor under alkaline
conditions at 80°C. They employed nanoparticle nickel supported on kaolin (5% Ni-K)
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as a catalyst. Results indicated that increasing the weight of the catalyst from 0.2gto1g
dramatically decreased the time required for total reduction from 30 min to 3.66 min.
Furthermore, they identified that higher concentrations of NaOH also led to a detectable
reduction in the time required for complete reduction of 4-NP, but further increase led to
increase in the time required for the reduction. This was attributed to the decrease in the
mobility of the reactants to be in contact with the catalyst. This results in a good agreement
with results recently reported by Dasgupta et al., [77], who studied reaction mechanism
and kinetics of the reduction of 4-NP to 4-AP using hydrazine as a hydrogen source at
room temperature. This reaction was performed in aqueous alkaline solution, using NaOH
and Ni—Pd bimetallic nanoparticles as a catalyst. The Ni—-Pd was synthesised with varying
compositions using the co-reduction method in the presence of PVP. They showed that
the monometallic Pd and Ni NPs and the physical mixture of Ni and Pd NPs (at a ratio of
70:30) were inactive toward the catalytic conversion, whereas the activity with respect to
the reduction of 4-NP, was significantly greater for the bimetallic catalyst. They referred
the high activity to the synergistic effect in the bimetallic system and it was highly
dependent on the ratio between Ni and Pd, the NizoPdso nanocatalyst exhibited the highest
activity for 4-NP reduction with constant rate 7.53 x 10 min™. In addition to all these
observations, they studied the effect of pH and 4-NP, hydrazine and catalyst
concentrations, and the results approved that the reduction follows the Langmuir—
Hinshelwood mechanism where 4-NP reduction occurred through intermolecular electron

transfer between N2H4 and 4-NP when both were adsorbed on the catalytic site[87].
The reduction of 4-nitrophenol with hydrous hydrazine is given by:

T NH,NH,.H,0 -
[ J Catalvst + solvent [
OH H

Scheme 5.3 Reduction of 4-NP using hydrous hydrazine.

In this Section, the utility of hydrous hydrazine (as an alternative source of hydrogen) is
studied for this reaction (reduction of 4-NP) over AuosPdos/TiO2 and Ago.25Pdo.7s/TiO2

catalysts, in addition to their monometallic analogous (Ag, Au and Pd). Moreover, the
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reaction was optimized by varying different parameters that may influence this reaction
(e.g., concentration of NaOH and N:H4 and pH of the reaction mixture) have been
investigated.

5.6.1. Catalytic reduction of 4-nitrophenol by hydrous hydrazine

The reduction of 4-NP to 4-AP using hydrous hydrazine (N2H4.H20) was carried out in a
glass reactor, described in detail in Chapter 2 (Section 2.4.1). The reaction was conducted
under constant stirring (1000 rpm) and mild reaction conditions using water as solvent at
30 °C and atmospheric pressure. A large excess of hydrous hydrazine over 4-NP was used
(Hydrous hydrazine /4-NP molar ratio =10-60, with an optimum value of 40), in order to
maintain the pseudo first-order condition, and then the apparent rate reaction is dependent
solely on the concentration of 4-NP [83]. The experimental conditions are the following:
4-nitrophenol and hydrous hydrazine were prepared in a 0.075 M NaOH solution to
provide a basic and stable condition for the catalytic reaction. The basic condition was
chosen because hydrous hydrazine reacts optimally at this environment ( will be discussed
in detail later in the next Section). The preparation of 4-NP in aqueous NaOH solution
resulted in the shift of the absorbance peak of 4-NP from A 317 nm to A 400 nm.
Furthermore, the colour of 4-NP solution changed from light yellow to dark yellow
(Figure 5.17a), due to the formation of 4-nitrophenolate ions under alkaline conditions.
This observation is similar to our observation when NaBH4 used as reducing agent and
also in good agreement with previous reports [77,88]. Typically; 5ml of hydrous
hydrazine (0.06 M) is added into a 100 ml round bottom flask, as batch reactor, that
contains the desired amount of catalyst and the basic solution of 4-NP (4-NP & NaOH.
0.75 M), (45ml, 1.35x10* M, 4-NP/metal molar ratio = 13). The total volume of the
reaction mixture was 50 ml. At different time interval (min), aliquot from the reaction
mixture was then withdrawn using 1 ml syringe equipped with a filter (0.45 um pore size)
and transferred into the UV cuvette for a UV-Vis measurement. Subsequently, the UV-
Vis spectra (in the range of 200 — 800 nm) were recorded and the concentration of 4-NP
traced from the decay of the absorption band of 4-nitrophenolate ion centred at 400 nm.
Based on the calibration curve of standard solution of 4-NP, which previously described
in Chapter 2, the molar extinction coefficient was estimated for 4-NP to be 17630 M cm-
! Finally, the concentration of 4-NP, as a function of time during the catalytic reaction,

was calculated using the Beer’s Lambert’s law equation as discussed in Chapters 2 and 3.
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Similar to NaBHa, the colour of the final solution changes to be colourless (see Figure
5.17a), indicating the formation of 4-aminophenol. The presence of isosbestic points in
the UV-Vis spectra (Figure 5.17b) suggests that 4-AP ( at 297 nm ) is a sole product of
the reaction, and consequently no side reaction occurs, which is in agreement with
previous report [58]. In addition, the GC-MS were used to confirm that 4-AP is the sole
product of this reduction (see appendix Figure Al). In a control experiment, where 4-NP
and hydrous hydrazine are used without using any catalyst, no conversion of 4-
nitrophenol was observed, indicating that 4-NP is not reduced by only hydrous hydrazine.
Also, when measured amount of Pd/TiO> catalyst alone was added to a basic solution of
4-NP (4-NP & NaOH), the absorbance at 400 nm did not change with time, indicating no
reduction of 4-NP. It ensures that in the presence of Pd/TiO2 or hydrous hydrazine
molecules alone cannot catalyse 4-NP reduction under the same experimental conditions

as previous has been reported [77].

4-NP + NaOH + Hydrazine
(4-Nitrophenolate)

o

a [ 4-NP+NaOH ]
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4-NP

Absorbance
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" !
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Figure 5.17 a) Image for colour change during preparation of 4-NP in NaOH aqueous
solution and b) An example for UV-Vis spectra collected during the catalytic reduction
of 4-nitrophenol by hydrous hydrazine using a Pd/TiO: catalyst.

5.6.2. Optimisation of reaction conditions

In this Section, the influence of concentration of both NaOH and hydrous hydrazine have
been investigated and optimized for the reduction of 4-NP over Pd/TiO; catalyst. This
study is important to explore the role of basic medium on the catalytic performance of the
catalyst and also to maintain the pseudo first-order reaction kinetics which means that the

apparent rate constant is dependent solely on the concentration of 4-NP.
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5.6.3. Influence of NaOH concentration

The dependence of the apparent rate constant on the NaOH concentration was
investigated and results are shown in Figure 5.18. Here, the amount of catalyst was fixed
(5.2 mg of Pd/TiO) and the concentration of 4-NP and hydrous hydrazine were kept
constant, ([4-NP] =1.35x10*M & [hydrous hydrazine] =0.05 M), while the concentration
of NaOH was varied in the range (0.025-0.1 M).
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Figure 5.18 Effect of NaOH concentration on the apparent rate constants of 4-NP
reduction by hydrous hydrazine over Pd/TiO: catalysts. Reaction conditions: 4-NP/metal
molar ratio = 13, [hydrous hydrazine] =0.05 M, 30 °C, 1000 rpm, [NaOH]=(0.025-0.1M).

It was observed that the apparent rate constant for the reduction of 4-NP increases with
increasing NaOH concentration and then reaches a plateau at concentration higher than
0.05 M of NaOH. At higher concentrations of NaOH the rate constant decreases because
the surface is saturated with OH and these results in agreement with literature studies
[77,87,88]

The influence of NaOH concentration in the catalytic reduction of 4-NP by hydrous
hydrazine has been reported previously [77,87,88]. It was reported that NaOH can
significantly enhance the reduction of 4-NP by hydrous hydrazine. The hydrolysis of
hydrazine can be occurred when dissolved in water [111], as shown in the following

equation;

N2H4 +H20 N2H5+ + OH" (Eq 53)

Protonated hydrazine (N2Hs") is considered to be a weak reducing agent [123] compared
to hydrazine (N2Ha4). Therefore, adding NaOH into hydrazine aqueous solution (N2Hs +
H>0) would supress the hydrolysis of hydrazine to form protonated hydrazine and thus
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pushing the above equation to the left side, i.e. presence of hydrazine, which enhance the
reduction of 4-NP. Therefore, in the present study a higher NaOH concentration was used
for all experiments; [NaOH] = 0.075 M.

5.6.4. Influence of hydrous hydrazine concentration

To understand better the mechanism of the catalytic reduction of 4-NP with hydrous
hydrazine and to maintain the pseudo first-order condition, the effect of hydrous
hydrazine concentration on the catalytic reduction was studied and the obtained results

are shown in Figure 5.19.
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Figure 5.19 Effect of hydrous hydrazine concentration on the apparent rate constants of
4-NP reduction over Pd/TiO> catalysts. Reaction conditions: 4-NP/metal molar ratio = 13,
[4-NP] =1.35x0* M, [NaOH]= 0.075 M, [hydrous hydrazine] = 0.006 - 0.08 M, stirring
rate = 1000 rpm and T = 30 °C.

Kapp (min*

As shown in Figure 5.19, it is clear that hydrous hydrazine can significantly enhance the
reduction of 4-NP. The apparent rate constant value increases with increasing hydrous
hydrazine concentration and then reaches a plateau. The trend of the graph is similar to

that obtained in previous research [77].

These observations firmly support the heterogeneous surface catalytic reaction for 4-NP
reduction. The experimental results obtained are found to follow closely the Langmuir—
Hinshelwood mechanism. According to experimental observations which is like the
observations made with sodium borohydride and formic acid, we propose that the
catalytic 4-NP reduction occurs when both the hydrous hydrazine molecule and 4-
nitrophenolate ion are adsorbed on the active sites of the catalyst, in line with other
reported study by Dasgupta et al., [77]. They studied the reaction kinetics to elucidate the
mechanism of catalytic reduction of 4-NP to 4-AP over Niz;oPdsp nano-catalyst using
hydrous hydrazine as hydrogen source. Results of the kinetics analysis revealed that the
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reduction follows the Langmuir-Hinshelwood mechanism where 4-NP reduction take

place via intermolecular electron transfer between N2Hs and 4-NP when both were

adsorbed on the catalytic site.

5.6.5. Catalytic activity of bimetallic AuosPdos/TiO>

To better understanding the role of reducing agent during the reduction of 4-NP, herein
we focus on studying the reduction of 4-NP by hydrous hydrazine, as alternative reducing
agent to NaBH4 and/or formic acid, over monometallic Au/TiO2 and Pd/TiO> catalysts.
In addition, based on our previous work (Chapter 3), the reduction of 4-NP was also tested
over the most active bimetallic AuosPdos/TiO2 catalyst. All activity testing was
performed under the same reaction conditions which studied previously; ([4-NP] 1.35x0"
4 M, 4-NP/metal molar ratio = 13, stirring rate = 1000 rpm and T = 30 °C). The obtained
results are illustrated in Figure 5.20 and their corresponding Kapp values are summarized
in Table 5.8.

Table 5.8 Catalytic activity of Pd/TiO2, AuosPdos/TiO2 catalysts on the reduction of 4-
NP by hydrous hydrazine.

Catalyst Kapp (Min™)
AU/TiO; 0
Pd/TiO2 0.18
AuosPdos /TiO2 0.29
Time (min)
0 5 10 15 20 25
01 = PAITiO,
-1 » Aug sPdysTiO;
g 2] K ypp= 0-18 min”?
<+ -3
S 4l
5 K, = 0-29 min-1

Figure 5.20 In[4-NP] as a function of time for Pd/TiO, and Auos-Pdos/TiO2 catalysts.
Reaction conditions: 4-NP/metal molar ratio = 13, hydrous hydrazine/4-NP molar ratio
=40, [NaOH]=0.75 M, stirring rate = 1000 rpm and T = 30 °C.

The results clearly demonstrate that monometallic Au/TiO- catalyst is not active for the
reduction of 4-NP by hydrous hydrazine, while Pd/TiO; is active (Kapp = 0.18 min') using

the same experimental conditions. The activity is further increased when Au was added
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as a second metal and mixed with the Pd to form AuPd alloyed nanoparticles (i.e. Auos-
Pdo.s/TiO; catalyst, Kapp = 0.29 min) by a factor of 1.6 compared to Pd/TiO; catalyst
(Kapp = 0.18 min™). This remarkable enhancement in the catalyst’s activity might be
resulting from the synergistic effect between Au and Pd metals in the AuPd alloyed

nanoparticles.

A summary of the catalytic activity of Pd/TiO2 and Auo.sPdo.s/TiOz in the reduction of 4-
NP using different reducing agents is shown in Table 5.9.
Table 5.9 Catalytic activity of Pd/TiO2 and AuosPdos/TiOz catalysts in the

reduction of 4-NP using different reducing agents. Results for NaBH3 is obtained
from Chapter 3.

. Kapp mint
Reducing agent PA/TIO; AUosPdos/TiO;
NaBH4 0.20 0.38
Formic acid 0.07 0.40
Hydrous hydrazine 0.18 0.29

As can be seen from Table 5.9 that the activity of bimetallic AuosPdos/TiO> catalyst is
higher than monometallic Au/TiO> and Pd/TiO, analogous regardless the type of
reducing agent, see Kapp Value in Table 5.9. Thus, a synergistic effect between Au and
Pd in the AuPd alloyed nanoparticles is the reason for the higher activity. However, the
synergistic effect is more profound in formic acid than NaBH4 taking the fact that
Au/TiOzis not active with formic acid and hydrous hydrazine but active with NaBH4 (see
Table 5.9). The catalytic activity of Auo.sPdos/TiO> catalyst, is very similar, when using
formic acid and NaBHa4 as reducing agent. It is worth to note that in all reactions, an
excess of reducing agent was added, so the difference in hydrogen capacity of these
reducing agents is not considered as the main factor in this comparison. It seems that
NaBHg is the best reducing agent with respect to the reactivity of mono and bimetallic
catalysts. However practically, formic acid is much less toxic and cheaper than NaBH4
[54].
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5.6.6. Catalytic activity of bimetallic Ago.2sPdo.75/TiO2

The reduction of 4-NP by hydrous hydrazine was also studied using monometallic
Ag/TiO2 and Pd/TiO- catalysts, in addition to the most active bimetallic Ago.2sPdo.7s/TiO2
system based on our previous work (see Sections 5.4.2 and 5.4.3) under the same reaction
conditions: ([4-NP] = 1.35 x10** M, 4-NP/metal molar ratio = 13, stirring rate = 1000 rpm
and T = 30 °C). The obtained results are depicted in Figure 5.21 and the apparent rate
constant values (Kapp) are also summarized in Table 5.10.

Table 5.10 Catalytic activity of Pd/TiO2 and Ago.2sPdo.7s/TiOz in the reduction of 4-

NP using different reducing agents. Activity results for NaBH4 and formic acid are
obtained from Section 5.4.3 and Section 5.5.4, respectively.

. Kapp min?t
Reducing agent Pd/TiO» Ago.2s-Pdo75/TiO2
NaBH4 0.20 1.3
Formic acid 0.07 0.12
Hydrazine 0.18 0.32

Time (min)
0 5 10 15 20 25
0- = PdITiO,
[ ] AED_ES Pdn_?5fTi02

o -14
<
32
S Kypp= 018 min”

-3

-4 Kapp= 0.32 min’!

Figure 5.21 In[4-NP] as a function of time for monometallic (Pd/TiO.) and bimetallic
(AgQo.2sPdo.75/TiO2) catalysts. Reaction conditions: 4-NP/metal molar ratio = 13,
hydrous hydrazine/4-NP molar ratio = 40, [NaOH] = 0.75 M, stirring rate = 1000 rpm
and T =30 °C.

Similarly, Ag/TiO- catalyst was not active in this reaction, when hydrous hydrazine is
used as the H-donor, while Pd/TiO: catalyst showed a promising activity with Kapp = 0.18
mint. Moreover, the activity was further enhanced when bimetallic Ago.2sPdo7s/TiO2 was
used as catalyst (Kapp = 0.32 min™), which is higher than the activity of Pd/TiO; by a
factor of 1.8. The highest activity observed over the bimetallic system (Ago.2sPdo.75/TiO2)
could be explained by the synergistic effect of the AgPd alloyed nanoparticles. A
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summary of the catalytic activity of Pd/TiO> and Agdo.2sPdo.7s/TiO2 catalysts for the
reduction of 4-NP using different reducing agents is shown in Table 5.10.

It is evidenced that the synergistic effect between Ag and Pd is observed with NaBHa,
formic acid and hydrous hydrazine. The synergistic effect was significant in NaBH4 than
formic acid and hydrous hydrazine. Although, Ag/TiO2 was active when using NaBH4 as
a reducing agent, it was inactive in the presence of formic acid and hydrous hydrazine.

So far, Ago.2sPdo.7s/TiO2 catalyst, with the highest activity, could offer the easiest facile
transfer of electrons from Ag to Pd and/or enhance hydrogen transfer to 4-NP [49].

Ag has a lower work function (4.64 eV) than Pd (5.00 eV) [50]. Therefore, electrons
leave the Ag from a thus depleted region near a Pd/Ag interface into the Pd, which
ends up with an electron-enriched region and this would be very easier when we have

a very small particles’ size.

The existence of these surplus/depletion electrons inside the metals facilitates the
uptake/release of electrons by molecules that happen to be close to (on top of) these
regions. The more interfaces there are, the more such electron rich/poor regions exist.
This in turn increases the chances for randomly absorbed molecules to happen to be on-
top of such regions. Therefore, these bimetallic interfaces can be expected to facilitate the
metal’s role as an electron relay system that opens up pathways for diverse intermediate
steps in the reaction of adsorbed species. Meng and co-workers [49] have provided

insights into the nature of such effects.

From the previous discussions, we can conclude that the bimetallic catalysts provide
better catalytic activities than those of mono-metallic Ag and Pd catalysts due to possible
electronic and synergetic effect, consistent with previous reports [16,48]. The fact that
bimetallic nanostructures enhance the catalytic activity may be related to the presence of
interfaces between Pd NPs and Ag NPs [48], which confirmed by XPS results.

Considering the highest activity of bimetallic AuosPdos/TiO2 and Ago.25Pdo.75/TiO2
catalysts in the presence of different reducing agents (NaBH4, formic acid and hydrous
hydrazine), it can be concluded that Ago2sPdo.7s/TiO2 was more active than
AuosPdos/TiO2 catalyst by a factor of 3.4 and 1.1 when NaBH4 and hydrous hydrazine
were used as reducing agents, respectively. In contrast, when formic acid was used as
alternative reducing agent, AuosPdo.s/TiO2 catalyst is more active than Ago.2sPdo.75/TiO2

catalyst by a factor of 3.3, as shown in Table 5.11.
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Table 5.11 Activities’ summary of bimetallic catalysts with optimized ratio in the
reduction of 4-NP with different reducing reagents (NaBH4, formic acid and
hydrous hydrazine).

Reducing agent Kapp _min”
AuosPdos/TiO2 Ago.25Pdo.75/TiO2
NaBH4 0.38 1.3
Formic acid 0.40 0.12
Hydrous hydrazine 0.29 0.32

To better understand the reason for the high activity of Ago2sPdo7s/TiO> catalyst
compared to AuosPdos/TiO2, we have focused on the result obtained by XPS and TEM
analyses, which are summarized in Table 5.12. The greater activity of Ago.2sPdo.75/TiO2
catalyst can be linked to several factors such as particle size, synergistic effect and the
structure of alloyed nanoparticles. According to our TEM results, the mean particle size
of Ago.2sPdo7s/TiO2 and AuosPdos/TiOz catalysts are 2.3(+0.6) and 2.1(£0.6) nm,
respectively. It is obvious that there are no any significant differences in the mean particle
sizes of the both two catalysts. In addition, surface oxidation state observed by XPS
analysis could also be neglected as we use an excess of reducing agent and if there any
oxidic species of both Au, Ag and/or Pd would eventually ended with a metallic state over
all the nanoparticles, see Table 5.12 above. So far, there might be other factors that can
help us understanding the differences in the catalysts’ activity. From the XPS analysis,
the binding energy of Pd(3ds2) in AuosPdo.s/TiO2 catalyst (BE = 334.69 eV) was shifted
by -0.71 eV compared to metallic Pd bulk structure, while for Ago.2sPdo.7s/TiO2 catalyst
(BE = 334.3 eV) was shifted by -1.1 eV. So, it could be concluded that the interaction
between Ag and Pd in the AgPd alloyed nanoparticles is stronger than the interaction
between Au and Pd in the AuPd alloyed nanoparticles and hence the former has more
synergistic effect than the later. This could be the main factor for the highest observed
activity.
Table 5.12 Oxidation state for Pd(3d) XP spectra and mean particle size using TEM

analysis for AuosPdos/TiO2 and Ago.2sPdo.75/TiO> catalysts.
XPS: oxidation states of Pd(3d) region

TEM analysis:

Catalyst 0 (0 I (0 BE (eV) for : :

Pd” (%) Pd" (%) Pd(3ds2) Particle size (nm)
Auo.sPdos/TiO2 100 0 334.69 (-0.71) 2.1 (x0.6)
Ago.2sPdo.75/TiO> 87.5 13.5 334.3(-1.1) 2.3 (x0.6)

Note: BE of bulk Pd® = 335.4 eV [42]
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To gain more insight into the structure—activity relationships and hence possible
synergistic effect of alloyed nanoparticles in the bimetallic AuosPdos/TiO2 and
Ago.sPdo.7s/TiO2 catalysts, characterization through high angle annular dark field
(HAADF)- STEM microscopy was conducted. The obtained images together with their
corresponding EDX mapping are presented in Figure 5.22. The results indicate the
presence of single NPs along with random alloys on the surface of both bimetallic
catalysts. Interestingly, Ago.2sPdo.7s/TiO2 catalyst has rich population of nanoalloy with
ratio around 87% which is higher than that observed for AuosPdos/TiO> catalyst (~52 %
AuPd alloy). This also could give us an explanation for the high activity and hence the

synergistic effect in AgPd alloyed nanoparticles compared to AuPd alloyed system.

Au

Map data 125

Map data 126
HAADF MAG: 2550kx HV: 200kV

Figure 5.22 HAADF-STEM images and their corresponding EDX elemental mapping of
NPs obtained for a) AuosPdos/TiO2 and b) Ago.2sPdo.7s/TiO2.catalysts.
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5.7. Reduction of different nitrophenols over AuosPdos/TiO:
and Ago.2sPdo.7s/TiO2 catalysts.

To demonstrate the general applicability of the most active bimetallic catalysts
(AuosPdos/TiO2 and Ago.2sPdo.7s/TiO2) a range of different substrates were used as model
reactions for catalytic testing. The catalytic reduction of additional nitrophenol isomers
such as; 2-nitrophenol (2-NP), 3-nitrophenol (3-NP) was tested over these bimetallic
catalysts. In addition, the reduction of other substrates including 4-nitroaniline (4-NA)

and nitrobenzene (NB) were also conducted.

The hydrogenation of nitrophenol isomers (2-NP, 3-NP and 4-NP) was tested over the
highest active bimetallic catalysts (Auo.sPdos/TiO2 and Ago.2sPdo.7s/TiO2). The reason
why we have decided to conduct the activity testing of all these isomers because the
conjugation effect of the nitro group which might have an impact on the rate of the
reaction. As shown in Scheme 5.4, the negative charge on the phenoxide ion in 2- and 4-
nitrophenolate can be delocalized into the nitro group, stabilising the group, and hence
would be less active for the reduction. In addition to the resonance effect, there is also an
inductive effect, which is stronger in 2-nitrophenolate due to the shorter distance between
the substituent group and the reacting group. The stronger inductive effect makes the
nitrogen atom more positively charged, and therefore more reactive. In contrast, 3-
nitrophenolate, there is no resonance stabilisation of the negative charge in to the nitro
group, and only a small inductive effect. This also can be considered for other nitroarene
derivatives such as 4-NA and NB, however, with different trend. The rate of
hydrogenation for the nitrophenol isomers and other nitroarene derivatives can follow this
order; 3-NP > 2-NP > 4-NP > 4-NA > NB [23,89].

o o o NO, NO,
@NOZ G\ @
NO,
NO, NH,
a b c d e
2-Nitrophenolate  3-Nitrophenolate 4-Nitrophenolate 4-Nitroaniline Nitrobenzene

Scheme 5.4 Chemical structure of different nitroarenes: (a) 2-Nitrophenolate, (b) 3-
Nitrophenolate, (c) 4-Nitrophenolate, (d) 4-Nitroaniline and (e) Nitrobenzene
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Reactions were conducted under mild conditions and similar experimental procedures for
the reduction of 4-NP, which described early in this Chapter. All catalytic activity testing
was carried out in the presence of NaBH; as a reducing agent and under the following
conditions: substrate/metal molar ratio = 30, NaBHa/substrate molar ratio = 30, stirring
rate = 1000 rpm and T= 30 °C. For each experiment, the UV-Vis spectra were recorded
in the range of 200 — 800 nm. Then, the decrease in the absorption band of each substrate
was traced together with the emerge of the new absorption band of the final product (i.e.
the corresponding amino-product in our study). The obtained spectra are presented in
Figure 5.23 (a, b, ¢, d and e) for 2-NP, 3-NP, 4-NP, 4-NA, and NB, respectively. The
absorption band of 2-, 3- and 4-nitrophenol, in the presence of NaBHa4, are centred at 415,
394, 400 nm, and their corresponding amino products (i.e. 2-, 3- and 4-aminophenol) at
267, 269 and 300 nm respectively. In addition, the absorption bands of 4-nitroaniline and
nitrobenzene are centred at 380 and 268 nm and their corresponding final products (4-

phyenylenediamine and aniline) at 300 and 229 nm, respectively.

Q
(=2
S

(2)
S

Absorbance
Absorbance
Absorbance

300 400 500 600

Wavelength [nm]

d) e)

Absorbance
Absorbance

250 300 350 400 450 500 250 300 350 400 450
Wavelength [nm] Wavelength [nm]

Figure 5.23 UV-Vis spectra for a) 2-NP, b) 3-NP, ¢) 4-NP, d) 4-NA and e) NB in the
presence of NaBHa.

The apparent rate constant values that extracted from the activity testing are summarized
in Table 5.13. Generally, the results clearly demonstrate that both two bimetallic catalysts
(i.e. AuosPdos/TiO2 and Ago.2sPdo.7s/TiO2) are active towards the reduction of all
substrates. However, Ago.25Pdo.75/TiO2 catalyst showed higher rates of the reaction than

AuosPdos/TiO; catalyst. As can be seen form Table 5.13, the apparent rate constant values
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(Kapp) for the reduction of 3-NP, 2-NP, 4-NP, 4-NA and NB substrates, over
Ago.2sPdo.7s/TiO, catalyst, are 2.38, 1.26, 0.87, 0.45 and 0.22 min™, respectively, while
over AuosPdos/TiO2 catalyst are 1.20, 0.78, 0.56, 0.25 and 0.09 min, respectively. Based

on our results and the discussion above, reactivity of reduction of nitroarene derivates
was found the following order; 3-NP > 2-NP > 4-NP > 4-NA > NB, which are in the
same trend as reported previously [23,89].

Table 5.13 Apparent rate constant values for the reduction of nitrophenol isomers,

4-nitroaniline and nitrobenzene in the presence of Auo.sPdos/TiO2 &
AQgo.2sPdo.75/TiO- catalysts.

Kapp min?
Substrate AlosPdos/TiO; AgozsPdo5/ TiO;
3-nitrophenol 1.20 2.38
2-nitrophenol 0.78 1.26
4-nitrophenol 0.56 0.87
4-nitroaniline 0.25 0.45
Nitrobenzene 0.09 0.22

Reaction conditions: substrate/metal molar ratio = 30, NaBH4/substrate molar ratio =
30, stirring rate = 1000 rpm and T= 30 °C.
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5.8. Catalyst reusability

One of the most important features for a heterogeneous catalyst is the ability to be
recovered and recycled multiple times for the given reaction. The successful recovery and
re-use thereafter are an essential feature of green chemistry. First, in order to confirm that
the reaction is indeed catalysed by heterogeneous catalyst rather than homogeneous,
leaching test was performed after the catalytic reduction of 4-NP. The reaction mixture
was left to run for 1 min under standard conditions, then the supernatant solution was
separated and allowed to run for additional 10 min. No further reaction was proceeded
after removing the catalyst, suggesting that the absence of any leaching of the active
components. This was confirming by the MP-AES elemental analysis and no traces of Ag
and/or Pd species were detected after reaction above the detection limit of MP-AES which
is 1 to 2 ppb.

To assess the reusability of Ago.2s-Pdo.7s/TiO2, the reduction of 4-NP reaction has been
carried out for five times under the same experimental conditions and the results are

shown in Figure 5.24.
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Figure 5.24 Reusability of Ago2sPdo.7s/TiO; catalyst for the reduction of 4-NP. Reaction
conditions: 4-NP/metal molar ratio =5, NaBH4/4-NP molar ratio = 30, stirring rate = 1000
rpmand T = 30 °C.
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The standard procedure for studying reusability described in detail in Chapter 2 (Section
2.5). An excess NaBH4 (NaBH4 /4-NP molar ratio = 30) and a larger amount of the

catalyst in the initial experiments (4-NP /metal molar ratio = 5) were used.

The results of reusability clearly showed a decrease in the catalytic activity after the 1%
cycle, as can be seen from Figure 5.24, the conversion (%) dropped from 75% to 56%.

However, the conversion (%) was decreased only from 65% to ~ 50% upon the fifth cycle.
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To get insight into the reason for this remarkable drop in the catalyst’s activity, XPS and
TEM analyses were conducted on the fresh and used (5" cycle) catalysts. The XPS results
showed that the surface composition (%) of metallic Pd on the fresh catalyst was 86%,
while for the used catalyst increased to 100%. This is expected as we have used an excess
of NaBHjs (as a reducing agent) and this might be the reason for the reduction of surface
Pd species throughout five cycles. Moreover, the TEM analysis performed on the fresh
and used catalyst showed a remarkable growth of the mean particle size (from 2.26 to
2.55 nm), as well as an increase of the distribution of particles size from (1 — 4.5) nm to
(1 -6) nm, for the fresh and used catalysts, respectively, see Figure 5.25. The decrease in
activity might be due to an increase of particles size and/or blocking of some active sites

after the 1% cycle.
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Figure 5.25 Selected TEM images and NPs size distributions histograms of reused
Ago.2sPdo 75/ TiO2 catalyst after 5 cycles.
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5.9. Conclusions

Bimetallic of Ag and Pd alloyed nanoparticles supported on TiO2 (AgxPd1-x/TiO2, where
x =0.13, 0.25, 0.5, 0.75 and 0.87) and their monometallic analogous (i.e. Ag/TiO> and
Pd/TiO,) were prepared via a sol immobilisation approach at room temperature using
PVA and NaBH4 as stabilizing and reducing agents, respectively. The electronic
structure, chemical properties and the morphology of the prepared materials were probed
using different complementary characterization techniques such as; UV-Vis
spectroscopy, MP-AES, XRD, TEM, HAADF-STEM and XPS analyses.

Generally, each technique provided us with valuable piece of information and eventually
by compiling these pieces together we gained a complete picture of our system. The UV-
Vis spectroscopy during the synthesis protocol confirmed the full reduction of mono- and
bimetallic nanoparticles. The actual metal loading, with high immobilisation and
confinement with the support, are matched well with the nominated values, as confirmed
by MP-AES analysis. This was further confirmed by the TEM results which showed that
the sol-immobilization method was successfully achieved to prepare very small
nanoparticles (< 4 nm) with narrow particle size distribution and these nanoparticles are
well dispersed and confined onto TiO2 support. Moreover, the results confirmed the
successful preparation of alloyed nanoparticles with narrow particle size distribution. In
addition, the XRD results were further proved the successful synthesis of very small
supported nanoparticles (i.e. <5 nm) and highly dispersed on TiO, as it could not detect
any diffraction peak for any of the supported nanoparticles. The XRD results are in line

with the UV-Vis spectroscopy and TEM analyses.

The activity of the supported nanoparticles was evaluated for the reduction of 4-
nitrophenol (4-NP) to 4-aminophenol (4-AP) using NaBHs4 as reducing agents. All
supported nanoparticles showed promising activity with good efficiency and reusability.
The catalysis results showed that AgPd alloyed nanoparticles exhibited high activity and
performance than monometallic analogous. The high catalytic activity of bimetallic
supported nanoparticles, compared to monometallic analogous, claimed to the presence
of synergistic effect due to the metal-metal interaction, in addition to strong metal-support
interaction (SMSI), as evidenced by XPS and HAADAF-STEM analyses.

Moreover, the rate of the reaction depends, not only, on the successful preparation of

AgPd alloyed nanoparticles with small particle sizes, but also on the molar ratio between
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Ag and Pd in the formed alloy. Thus, it was found that the bimetallic Ago.2sPdo.7s/TiO2
catalyst (i.e. Ag:Pd molar ratio = 25:75) showed the best performance amongst all other
bimetallic combinations towards the reduction of 4-NP.

Furthermore, this work illustrates, for the first time, the use of formic acid and hydrous
hydrazine as a source of hydrogen for the catalytic reduction of 4-NP to 4-AP over
bimetallic AuPd/TiO2 and AgPd/TiO> catalysts and monometallic analogous. Initially, a
systematic study was carried out to optimise the reaction conditions by varying a arrange
of experimental parameters such as; concentration of formic acid, hydrous hydrazine and
NaOH. The results showed that only monometallic Pd/TiO> catalyst was active, while
monometallic Ag/TiO2 and Au/TiO- catalysts were not active for reduction of 4-NP when

both formic acid and hydrous hydrazine were used as a H-donor.

For the bimetallic system, the results showed that Ago.2sPdo.7s/TiO2 catalyst was more
active than AuosPdo.s/TiO> catalyst by a factor of 3.4 and 1.1 when NaBH4 and hydrous
hydrazine were used as reducing agents, respectively. However, when formic acid was
used as alternative reducing agent, AuosPdos/TiO2 catalyst is more active than

Ago.2sPdo 75/ TiO> catalyst by a factor of 3.3.

In addition, the generality of AuosPdos/TiO2 and Ago.2sPdo.7s/TiO2 catalysts has been
studied with various nitroarenes (e.g. 2-nitrophenol (2-NP), 3-nitrophenol (3-NP), 4-
nitroaniline (4-NA) and nitrobenzene (NB). The results showed that, the reactivity of
reduction of nitroarene derivates was in following order; 3-NP > 2-NP > 4-NP > 4-NA >
NB.
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6.1. Conclusions

Reduction of 4-nitrophenol (4-NP), by a reducing agent, to produce 4-aminophenol has
received great attention due to its potential applications in the fields of environmental
sciences and organic synthesis. Especially, because of its important applications in the
industry fields such as production of antipyretic drugs, analgesic, pesticides, corrosion
inhibitors, dyestuff and photographic developers [1-3]. However, it is well-known that 4-
NP, in the presence of wastewater, can cause environmental pollution that is of great
public concern [4,5]. Therefore, the degradation of 4-NP into non-toxic, high valuable,
molecules, and in turn benign, has become great interest of research in recent years [4,6].
Moreover, this reduction is currently considered as a benchmark model reaction to
evaluate supported and/or unsupported nanoparticles as potential catalysts. Meanwhile,
in this thesis the reduction of 4-nitrophenol with NaBH4 has been chosen as model
reaction to evaluate the catalytic performance of the synthesized catalysts. In addition,
the ability to use different reducing agents such as; formic acid and hydrous hydrazine,

as H-donors, have been also examined.

The aim of this thesis was divided into three objectives, first, investigating the activity of
mono and bimetallic Au and Pd nanoparticles supported onto commercial TiO2 (P25) on
the reduction of 4-NP by NaBHs in aqueous phase under mild reaction conditions. This
investigation includes performance optimization of the bimetallic catalysts by studying
different molar ratio between Au and Pd metal precursors. Second, studying the effect of
other catalyst’s support (CuO and/or NiO) on the reduction of 4-NP by NaBH4. These
supports are catalytically active in the reduction reaction compared to the inactive TiO>
support. Finally, the catalytic performance of the bimetallic supported active components
(AuPd and AgPd) was compared and examined with different reducing agents (formic

acid and hydrazine), in regard to NaBHg, in the reduction of 4-NP.

First objective was addressed in Chapter 3 where mono and bimetallic Au and Pd
nanoparticles supported on TiO, have been successfully synthesized using sol-
immobilization method by using PVA as stabilizer and NaBH; as reducing agent. UV-
Vis spectroscopy data confirmed the reduction of metal precursors and formation of metal
nanoparticles before immobilization. MP-AES confirmed the actual loading of metal

nanoparticles onto the support, which agreed well with the nominal values. The mean
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particle size of all mono- and bimetallic supported nanoparticles were found to be
between (2.07 £0.4) and (3.2 £1.10) nm. The catalytic activity of mono- and bimetallic
supported nanoparticles were evaluated towards the reduction of 4-NP by NaBH4. The
reaction parameters have been optimized under Kkinetic regime control and found to be:
4-NP/metal molar ratio of 13, NaBH4/4-NP molar ratio of 30, at 30 °C and at stirring rate
of 1000 rpm. At the optimized parameters, the Pd/TiO2 was found to be more active than
the Au/TiO; catalyst. Nevertheless, all bimetallic catalysts of AuxPdi-x/TiO2 system (X =
0.13, 0.25, 0.5, 0.75 and 0.87) showed higher activity compared with their monometallic
counterparts. This result was evidenced due to the synergistic effect between Au and Pd
supported alloyed nanoparticles. Amongst all molar ratios, the highest activity was
obtained with the bimetallic catalyst with a (1:1) molar ratio of Au and Pd nanoparticles.
Interestingly, Auo.sPdos/TiO2 has the smallest particle size with the narrowest particle size
distribution amongst other bimetallic catalysts at different molar ratio. In addition,
AuosPdos/TiO catalyst has the highest fractions of alloyed nanoparticles as confirmed by
STEM-EDX analysis. AuosPdos/TiO2 catalyst was reused for four times with small loss

in catalytic activity.

Second objective is addressed in Chapter 4, we have shown that commercial CuO and
synthesized NiO supports are active in the reduction of 4-NP reaction using NaBH4 as a
reducing agent before using them to prepare mono and bimetallic AuPd supported
nanoparticles. Significant observations were made upon studying the supports activity,
such as the commercial NiO was found to be not active, while the NiO synthesized
support, prepared in our lab, was active in the reduction reaction. The activity of
synthesized NiO was attributed to the presence of Ni(OH). on the surface which was
confirmed by XPS and TGA analyses, while the commercial NiO has no surface Ni(OH)>
species. Another interesting observation was made when CuO support was tested in the
reaction where long induction period was observed (~ 1.5 min). The induction time might
be related to changes in the oxidation state of Cu on the surface of CuO during the reaction
as evidenced by XPS and XRD analyses of the used samples.

The catalytic activity of mono- and bimetallic AuPd alloyed nanoparticles supported onto
NiO and CuO were studied and compared with the results obtained from Chapter 3 where
TiO2 was used as support. The molar ratio of bimetallic AuPd supported alloyed
nanoparticles in this work was fixed at 1:1 based on the optimisation results from the
previous work reported in Chapter 3. The catalytic activity of mono- and bimetallic
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catalysts followed the same order as the remarkable activity of the corresponding supports
(CuO >> NiO > TiO2 (not active)) and were in an order of (Au/CuO >> Au/NiO >
Au/TiOy), (Pd /CuO >> Pd/NiO >Pd/TiO.) and (AuPd/CuO >> AuPd/NiO > AuPd/TiO,).
The highest activity observed for AuPd/CuO catalyst was correlated, not only, to strong
metal-support interaction (SMSI), but also to metal-metal synergism between Au and Pd
in the AuPd alloyed nanoparticles, which evidenced by XPS and TEM analysis. In
addition, the results suggested that the particle sizes of supported nanoparticles as well as
the specific surface area of the prepared catalysts were not significant factors in the
catalysts’ activity as proved by TEM and BET surface area measurements. Catalysts
supported onto CuO and NiO were reused for four times with small loss in their activities.
Interestingly, the induction time was disappeared for CuO support after the third use,

suggesting its reduction by NaBHjs as evidenced from XPS analysis.

Third objectives were addressed in Chapter 5, Ag and Pd monometallic and a range of
bimetallic AgPd alloyed nanoparticles supported on TiO2 have been successfully
prepared using sol-immobilization method. The catalytic activity of the synthesized
catalysts was studied towards the reduction of 4-NP by NaBH4. The Pd/TiO catalyst
appear to be more active than the Ag/TiO2 one. All bimetallic AgPd/TiO. catalysts
showed higher activity than their monometallic counterparts (Ag/TiO. and Pd/TiOz) due
to synergistic effect between Ag and Pd in the alloyed nanoparticles as evidenced by XPS
and HAADAF-STEM analyses. A volcano shape in the activity profile of bimetallic
systems with different molar ratio of Ag and Pd was observed with the highest activity of
0.25:0.75 molar ratio of Ag and Pd nanoparticles. As a result, the activity of the bimetallic
AgPd systems was not correlated only to the successful preparation of AgPd alloyed
nanoparticles with small particle sizes, but also to the optimized molar ratio between Ag

and Pd in the formed alloy.

Furthermore, our work illustrated, for the first time, the use of formic acid and hydrous
hydrazine as a source of hydrogen resulting from the catalytic decomposition of the two
compounds, for the catalytic reduction of 4-NP to 4-AP over bimetallic AuPd/TiO2 and
AgPd/TiO> catalysts and monometallic analogous. A systematic study was performed by
optimizing the reaction conditions by varying a arrange of experimental parameters such
as; concentration of formic acid (formic acid/4-NP molar ratio = 40), hydrous hydrazine
(hydrous hydrazine/4-NP molar ratio = 45) and [NaOH] = 0.075M). The results showed

when formic acid and hydrous hydrazine were used as a H-donor, monometallic Ag/TiO>
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and Au/TiO; catalysts were not active, while monometallic Pd/TiO; catalyst was active
for reduction of 4-NP.

For the bimetallic system, the results showed that both Ago.2sPdo.75/TiO2 and Auo.sPdo.
s/TiO> catalysts showed promising activity toward the reduction of 4-NP by formic acid
and hydrous hydrazine. However, the activity of Ago.2sPdo.7s/TiO2 was more active than
AuosPdo. s/TiO> catalyst by a factor of 3.4 and 1.1, when NaBH4 and hydrous hydrazine
were used as reducing agents, respectively. In contrast, and when formic acid was used
as alternative reducing agent, AuosPdos/TiO2 catalyst was more active than
Ago.25Pdo 75/ TiO> catalyst by a factor of 3.3. Finally, the activity of Auo.sPdo.s/TiO2 and
Ago.2sPdo.7s/TiO2 catalysts has been evaluated with various nitroarenes (e.g. 2-
nitrophenol (2-NP), 3-nitrophenol (3-NP), 4-nitroaniline (4-NA) and nitrobenzene (NB).
The results showed that, the ability to reduce nitroarene derivates was in following order;
3-NP > 2-NP > 4-NP > 4-NA > NB.
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6.2. Future work

Our work in this study showed the superior activity of bimetallic AgPd and AuPd
supported nanoparticles for the reduction of 4-NP compared to their monometallic
analogous prepared via sol-immobilization method. Recent study on monometallic Pd
supported nanoparticles (Pd/TiO>) prepared by sol-immobilization approach [7] showed
that the preparation temperature and solvent being used during the synthesis process have
an impact on both the sizes and distribution of the supported nanoparticles. So far,
preparing bimetallic supported nanoparticles using different solvents (ethanol and
ethanol/water) and/or at lower temperature (< 30 °C) could be considered as future

investigation.

Moreover, as demonstrated in this thesis, the activity of the bimetallic catalysts based on
Pd is dependent on the type of the metal, therefore, alloying Pd nanoparticles with a
second metal such as; Ir, Ni, Ru, Pt and Rh may lead to an improvement in catalytic

activity.

Also, it was demonstrated in this study, practically in Chapter 5, that the type of the
reducing agent is a very important factor in influencing catalytic activity. Therefore, using

different reducing agent such as; Silyl hydrides [8] might enhance the catalyst’s activity.

To understand better the reaction mechanisms and structure/activity relationships during
reaction, it would be useful to perform in situ/operando studies such as EXAFS/XANES
combined with UV-Vis and FT-IR. These studies would be helpful to monitor on line
structural changes of the support/metal nanoparticle during reaction, monitor possible
deactivation phenomena and poisoning effects. Moreover, the development of continuous
flow cell to monitor the long-term stability of the synthesised catalysts would be highly
desirable. Finally, the general application of the synthesised catalysts on a range of
functionalised nitrophenols and nitroarenes compounds could be explored using formic

acid, hydrous hydrazine as H-donors.

195



Chapter 6 Conclusions and future work

6.3. References

[1]
[2]
[3]

[4]
[5]
[6]
[7]
[8]

T. R. Mandlimath and B. Gopal, J. Mol. Catal. A Chem., 2011, 350, 9-15.
N. Arora, A. Mehta, A. Mishra and S. Basu, Appl. Clay Sci., 2018, 151, 1-9.

H. P. Karki, D. P. Ojha, M. K. Joshi and H. J. Kim, Appl. Surf. Sci., 2018, 435,
599-608.

S. Nag, A. Pramanik, D. Chattopadhyay and M. Bhattacharyya, Environ. Sci.
Pollut. Res., 2018, 25, 2331-2349.

K. Ying Cai, Y. Sheng Liu, Y. Xu, H. Zhou, L. Zhang and Y. Cui, Bull. Chem.
React. Eng. Catal., 2017, 12, 89-95.

D. Meziane, A. Benadda-Kordjani, G. Nezzal, S. Benammar and A. Djadoun,
React. Kinet. Mech. Catal., 2017, 122, 1145-1158.

S. Rogers, R. Catlow, D. Gianolio, P. Wells and N. Dimitratos, Faraday Discuss.,
2018, 208, 443-454.

H. K. Kadam and S. G. Tilve, RSC Adv., 2015, 5, 83391-83407.

196



Appendix



Appendix

Figure Al shows the GC-MS analysis [MS (top), while GC (bottom)] which was
conducted on the reaction mixture after the catalytic reduction of 4-nitrophenol. The
results clearly show that 4-AP is the sole product for this reaction as confirmed by the GC
spectrum (only one peak could be detected at retention time of 18 s). For better
illustration, enlargements of GC spectrum and MS signals are presented in Figures A2

and A3, respectively.

Scheod of Chsminiry Cardi¥ Unkast ity

el

Figure A 1 GC-MS after the catalytic reduction of 4-nitrophenol with 4-AP as a sole
product for this reaction.
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Figure A 2 Enlargement of GC spectrum presented in Figure A 1 above, suggesting that
4-AP is the sole product of the catalytic reduction of 4-NP by NaBHa.
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Figure A 3 Enlargement of the MS signals presented in Figure A 1 above.
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