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SYNTHESIS AND CHARACTERIZATION OF BIMETALLIC GOLD-
SILVER (Au-Ag) NANOCATALYST VIA SEED COLLOID TECHNIQUE

ABSTRACT

In the present study, unique catalysts of monometallic gold (Au), silver (Ag) and
bimetallic gold-silver (Au-Ag) nanoparticles (NPs) were prepared with different size or
diameters by the citrate-thermal reduction and the seed colloidal techniques, respectively.
The catalytic nanoparticles were characterized by various advanced analytical techniques
such as Ultraviolet-visible spectroscopy (UV-vis), zeta potential, electron dispersive X-
ray spectroscopy (EDS), X-ray diffraction (XRD), high-resolution transmission electron
microscopy (HRTEM), High-angle annular dark-field (HAADF) scanning transmission-
electron microscopy (STEM) imaging and the energy dispersive spectroscopy (EDS)
elemental mapping. The catalytic performance of the nanoparticles were ascertained
through the reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) in the presence
of sodium borohydride (NaBH4). The results of the study clearly showed that the rate of
4-NP reduction to 4-AP increased with a corresponding decrease in the size or diameter
of the bimetallic NPs. The Au seed volume of 5.0 ml indicated relatively higher reduction
rates as compared to that of 2.0 ml. However, the monometallic NPs showed relatively
lesser catalytic activity in the reductive conversion of 4-NP to 4-AP. The catalytic
properties of the bimetallic Au-Ag nanoparticles also reinforced with a direct impact of

the size and composition of the bimetallic nanoparticles.



SINTESIS DAN PERCIRIAN DWI-LOGAM EMAS-PERAK (Au-Ag)
PEMANGKIN NANO MELALUI BENIH KOLOID

ABSTRAK

Dalam kajian ini, nanozarah emas (Au), perak (Ag) dan dwi-logam emas-perak
(Au-Ag) dengan saiz atau diameter berbeza sebagai pemangkin unik telah disentesis oleh
pengurangan haba sitrat dan benih koloid teknik masing-masing. Zarah nano pemangkin
telah dicirikan oleh pelbagai teknik analisis seperti spektroskopi sinar ultra ungu-dilihat
(UV-vis), potensi zeta, spektroskopi sinar-X dispersi elektron (EDS), X-ray difraksi
(XRD), mikroskop elektron penghantaran resolusi tinggi (HRTEM), pengitaran medan
mikroskopi elektron penglihatan gelap sudut tinggi (HAADF-STEM) dan pemetaan
unsur spektroskopi (EDS) penyebaran tenaga. Keupayaan pemangkin zarah nano telah
ditentukan dalam pengurangan 4-nitropenol (4-NP) kepada 4-aminofenol (4-AP) dengan
kehadiran natrium borohidrida (NaBH.). Hasil kajian dengan jelas menunjukkan bahawa
kadar pengurangan 4-NP kepada 4-AP meningkat dengan pengurangan saiz atau diameter
dwi-logam zarah nanopartikel. Isipadu bijih Au 5.0 ml menunjukkan kadar pengurangan
yang lebih tinggi berbanding dengan 2.0 ml. Walau bagaimanapun, zarah nanopartikel
satu logam menunjukkan aktiviti pemangkin yang lebih rendah terhadap penukaran
pengurangan 4-NP kepada 4-AP. Sifat pemangkin nanopartikel dwi-logam Au-Ag
diperkuat dengan kesan langsung terhadap saiz dan komposisi relatif zarah nanopartikel

dwi-logam tersebut.
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CHAPTER ONE

INTRODUCTION

1.1 Background

In recent years, the field of nanomaterials becomes one of the most active areas in
materials science with impressive developments. Examples of applications of

nanomaterials are including in medicine, industry, defense and others sectors.

Nanomaterials can be defined as the synthesis, characterization, exploration and
application of nanometer scale (1-100 nm) materials (Bhatia et al., 2018). It deals with
the materials whose structures exhibit significantly novel and improved physical,
chemical and biological properties, phenomena, and functionality due to their nano scaled
size (Chen et al., 2017). In addition, nanomaterials have distinct properties compared to
the bulk materials owing to larger surface-to-volume ratio, thus offering developments

towards biosensors, biomedicine and bionanotechnology fields (Pandey et al., 2008).

Noble metal have attracted researchers due to their size-dependent optical,
magnetic and catalytic properties. However, the combination between two different types
of metals could enhance the physicochemical properties compared to the corresponding
monometallic nanoparticles (Xu et al., 2005). Bimetallic nanoparticles (NPs) also have
received increased attention due to their optical, electronic, magnetic and catalytic
properties which are different from the individual metallic counterpart (Guhaetal., 2011).
Sanyal et al., (2013) defined the structure of bimetallic nanoparticles as composed of two

different elements which are organized in a core@shell structure or a randomly dispersed



alloy (Sanyal et al., 2013). A number of physical and chemical method have been used to
synthesize the bimetallic nanoparticles such as chemical reduction and seed growth
(Zhang et al., 2012). Numerous kinds of bimetallic structures have been reported with
different combinations; such as Au-Ag (Abood et al., 2018; Fauzia et al., 2019; Liu et al.,
2016; Tanori et al., 2016; Yuan et al., 2015), Au-Cu (Barroso-Martin et al., Hsia et al.,
2016; Shabani et al., 2016; Tanori et al., 2016), Ag-Cu (Shabani et al., 2016; Tanori et
al., 2016; Tsuji et al., 2010; Zhang et al., 2017), Ag-Au (Cao et al., 2001; Emam et al.,

2017; Shmarakov et al., 2017).

Among the bimetallic nanostructures, the Au-Ag system is of particular interest
because of several reasons. First, the Au-Ag system have superior plasmonic response
with tunable surface plasmon (SP) bands in the visible range between Au (520 nm) and
Ag (400 nm) (Alshammari et al., 2006; Dai et al., 2017; Shore et al., 2011). Second, gold
and silver have the same crystal structure which is face-centered cubic (FCC), with
similar lattice constants of Au (0.479 nm) and Ag (0.486 nm) (Lu et al., 2013; Mahmud
et al., 2019; Monga & Pal, 2015; Rodriguez-Gonzélez et al., 2005; Xu et al., 2005; Zeng
et al., 2015; Zhang et al., 2018). Therefore the preparation methods are quite facile and
simple. In addition, silver has lower cost while gold possesses excellent chemical stability
and ease of synthesis (Li et al., 2016; Liu et al., 2015; Pande et al., 2007). Both selected
metallic nanoparticles also possess good catalytic activity towards reduction of the

aromatic nitro compounds to amine derivatives (Rather et al., 2016).

There are various methods employed to prepare bimetallic Au-Ag NPs such as
successive reduction (Zhang et al., 2018), laser ablation (Abood et al., 2018; Shukri et al.,
2018), solvent extraction-reduction (Chen & Chen, 2002), microemulsion (Chen & Chen,
2002; Mahmud et al., 2019), galvanic replacement (Admala, 2017; Carrillo-Torres et al.,
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2016; Sun & Li, 2018), seed-mediated growth (Wang et al., 2016; Yaseen et al., 2018),
and colloidal synthesis (Arora et al., 2018; Zhang et al., 2012). Colloidal synthesis is one
of the most commonly used because it offers a great variety of options for composition,
size, crystal structure, shape and surface chemistry control due to the flexibility in
selecting the reaction system and synthesis conditions (Arora et al., 2018; Zhang et al.,
2012). In addition, this method also possesses an advantage towards surface catalysis
reactions (McGilvray et al., 2012). Czaplinska and co-workers (2014) stated that the
preparation procedures of bimetallic NPs can improve their catalytic reduction reaction
by tuning the size, structure, composition and distribution. Fu et al., (2018) prepared
bimetallic Au-Ag NPs through the co-reduction method and their catalytic properties was

tested by the reduction of 4-nitrophenol.

Apart from sensor and biomedical applications, catalytic applications of
bimetallic nanoparticles is an interesting phenomenon due to the synergistic effects
between the two metals (Alshammari et al., 2016; Hong et al., 2016; Knauer et al., 2014;
Liu et al., 2015; Rodriguez-Gonzalez et al., 2005; Shore et al., 2011; Tan et al., 2016;
Yang et al., 2008; Zeng et al., 2015). In the structure of bimetallic nanoparticles, the type
of elements used play important roles in the catalytic activity. Chen et al., (2014) reported
the catalytic activity of 4-NP reduction using Au-Pd on graphene nanosheets showed a
higher rate in comparison with monometallic counterparts due to the synergistic effect of
Au and Pd species. Tuo et al., (2017) prepared bimetallic Pd-Pt for reduction 4-
nitrophenol via reduction method and result shown the bimetallic Pd-Pt a higher catalytic
activity than those of monometallic Pd and Pt. While Gopalakrishnan et al., (2015)
reported the influence of the bimetallic Au-Ag nanoparticles in catalytic applications with

regards to the alloying element and concentration.



In chemical industries, 4-nitrophenol (4-NP) is widely utilized for the production
of pesticides, drugs and synthetic dyes (Hong et al., 2016; Sun et al., 2014; Zhang et al.,
2007; Zelekew & Kuo, 2016). 4-aminophenol (4-AP) which can be produced from the
reduction of of 4-NP, is widely used in manufacturing of many analgesics and antipyretic
drugs, such as paracetamol, phenacetin and so on. From that, there is a great demand for
aromatic amino compounds in the industry (Arora et al., 2018). Therefore, many
researchers have fabricated efficient catalysts such as Au NPs (Dong et al., 2012; Ghosh
etal., 2012; Li et al., 2014; Luo et al., 2014; Premkumar et al., 2011; Yang et al., 2013),
Ag NPs (Kalantari et al., 2017; Yang et al., 2013), SiO>@Au nanoring (You et al., 2012),
trimetallic Ag-Au-Pd NPs (Suwannarat et al., 2018), Ag-TiO2 (Gu et al., 2018), Ag-Pd
nanoclusters (Zhu et al., 2018), Pd-P NPs (Zhao et al., 2018), Pd-Ni NPs (Revathy et al.,
2018), Ag-Pd NPs (Feng et al., 2020), Cu.O NPs (Rath et al., 2018), and Au-Ag

nanocages (Hong et al., 2016) for the reduction of nitro compounds to amines.

In this work, the effect of the different type of nanoparticles (monometallic and
bimetallic) on the 4-nitrophenols reduction in the presence of sodium borohydride was
investigated. The model reaction of the reduction of 4-NP to 4-AP is selected as the
reaction kinetics can be easily monitored by UV-Vis spectroscopy, via the color changes
from the conversion of 4-nitrophenolate to 4-aminophenol. The reduction of 4-
nitrophenols was further studied with different sizes of the bimetallic nanoparticles. The
preparation of bimetallic Au-Ag NPs by seed colloidal technique was introduced to
control the shape and size of nanoparticles through the temporal separation of the
nucleation and growth processes (Kalantari et al., 2017; Ko & Chang, 2014; Wang et al.,
2016). The pre-formed seeds of one metal act as nucleation sites for the further growth of

the second metal NPs (Emam, 2019; Jana et al., 2001; You et al., 2012).



In addition, this method does not require expensive equipment but can be used to produce
nanoparticles in a liquid dispersion, which is the desirable form for many applications

(Zhang et al., 2012).

1.2 Problem Statement

As known, 4-nitrophenol could inflict damage to the central nervous system, liver,
blood and kidney of living organisms. In addition, it can also induce the production of
highly toxic and poorly degradable biological pollutants. However, it is widely used in
chemical industries such as pesticides, synthetic dyes and drugs production. 4-AP also is
extensively used in the manufacturing of many analgesics and antipyretic drugs (Sarmah
et al., 2013). In this respect, numerous types of catalysts were fabricated from different
materials for the reduction of 4-nitrophenol which resulted in different reaction rates in
the reduction of 4-nitrophenol. The selection of a material is the most important factors
in the 4-nitrophenol reduction. It has been widely reported that bimetallic nanoparticles
has become an ideal material that possesses better catalytic properties compared to
monometallic nanoparticles due to synergistic effects between the two distinct metal
elements (Hareesh et al., 2019; Wu et al., 2013). The combination of gold and silver
elements show better catalytic performance towards the reduction of the aromatic nitro
compounds to amine derivatives compared to their single form (Hareesh et al., 2019; Seo
et al., 2017). The bimetallic Au-Ag nanoparticles have been prepared using seed colloid
method. This method has been selected because the produced nanoparticles in a liquid

state which suitable for many application and easy to control the size of nanoparticles.



For solution-based technique, the nucleation and growth process of bimetallic
nanoparticles can be easily controlled by adjusting the reaction parameters such as the
reaction temperature, the concentration of precursors and the mole ratio precursors to
surfactants (Dehghan Banadaki et al., 2014). Difference in size of bimetallic Au-Ag
nanoparticles varies by changing the volume of Au seed volume. This will promise the

tunable of size bimetallic nanoparticles may improve the reduction of 4-nitrophenol.

1.3 Research Objectives

Specifically, this research has the following objectives:

1. To synthesize Au, Ag and bimetallic Au-Ag nanoparticles via citrate thermal
reduction and seed colloid techniques.

2. To characterize the Au, Ag and bimetallic Au-Ag nanoparticles using techniques
such as UV-Visible (UV-Vis), Transmission Electron Microscopy (TEM), Energy
Dispersive X-Ray Spectroscopy (EDS), X-ray Diffraction (XRD), High
Resolution Transmission Electron Microscopy (HRTEM), Zeta Potential and
High Angle Annular Dark-Field Scanning Transmission Electron Microscopy
(HAADF-STEM).

3. To investigate the reduction of 4-nitrophenol using two different type of

nanoparticles; monometallic (Au and Ag) and bimetallic (Au-Ag).



1.4 Scope of the research

The study of the study involves the synthesis and characterization of; (a)
monometallic Au and Ag nanoparticles and (b) bimetallic Au-Ag nanoparticles. Initially,
the gold and silver were prepared by citrate thermal reduction technique. This was
followed by the preparation of gold-silver nanoparticles by a seed colloid method.
Afterwards, the gold-silver nanoparticles were prepared at different volumes of HAuCl4
solution but with a fixed volume of AgNOs solution. These samples were used as a
catalyst for the reduction of 4-NP to 4-AP in the presence of sodium borohydride (NaBHs)

solution.

UV-visible (UV) spectroscopy, transmission electron microscopy (TEM), X-ray
diffraction (XRD), energy dispersive X-ray spectroscopy (EDS), zeta potential, high
resolution transmission electron microscopy (HRTEM), and high angle annular dark field
scanning transmission electron microscopy (STEM) characterizations were performed to

investigate the physical and chemical properties of the nanocatalysts.

This research investigates the preparation and characterization of monometallic Au,
Ag and bimetallic Au-Ag nanoparticles for the 4-NP reduction. The monometallic particle
consists of a single element, while the bimetallic consists of two different elements. The
bimetallic nanoparticles is composed of two different elements which are organized in a
core-shell structure or a randomly dispersed alloy. The bimetallic nanoparticles have
better catalytic properties than the monometallic nanoparticles. In addition, the difference
in the size of nanoparticles also influences the catalytic properties. The Au-Ag
nanoparticles was prepared through the seed colloidal technique. This is an efficient

method to control the size and shape of the bimetallic core-shell nanoparticles.



The bimetallic Au-Ag nanoparticles are prepared at different volumes of Au seed; 2.0 ml
and 5.0 ml. The volume of silver nitrate, ascorbic solution and sodium solution are fixed

through the experiment.

1.5 Outline of the thesis

In short, this thesis contains five chapters. In Chapter One, the background of this
research work, research objectives, problem statement, the scope of research as the
dissertation overview are briefly introduced. Chapter Two provides a better understanding
of background literature review related to present work. Chapter Three describes the
specifications of the raw materials, experimental procedures, and characterization
methods employed in this research work. Chapter Four presents the findings of
characterizations and the discussions on these results obtained from UV-Vis
Spectroscopy (UV-Vis), Transmission Electron Microscopy (TEM), Energy Dispersive
X-ray (EDS), X-Ray Diffraction (XRD), High Resolution Transmission Electron
Microscopy (HRTEM), Zeta potential and High Angle Annular Dark Field Scanning
Electron Microscopy. Lastly, in Chapter Five, conclusion and recommendation are

presented for future studies.



CHAPTER TWO

LITERATURE REVIEW

This chapter describes the comprehensive review of nanoparticles, bimetallic
nanoparticles, synthesis approach of monometallic and bimetallic nanoparticles, 4-

nitrophenol and comparison reduction of the 4-nitrophenol in details.

2.1 Introduction

The history of nanomaterials is quite long. Nevertheless, some major developments
in nanoscience have taken place during the past two decades. Research in nanomaterials
is a multidisciplinary effort that involves interaction between researchers in the field of
physics, chemistry, mechanics, material science, and even biology and medicine. The
term nanoparticles, which refers to another form of nanomaterials, came into frequent use
in early 1990’s by the materials science community. The first nanoparticles which is a
heterogeneous catalysis, was developed in the early nineteenth century (Khadzhiev, 2016;

Somorijai, 1978; Stewart, 2017).

A nanoparticles is defined as a particle in the nanoscale size range measured in
nanometers unit. A nanometer is a billionth of a meter equal to 10 ° m (Jeevanandam et
al, 2018; Sudha et al., 2018). There are different shapes of nanoparticles i.e. spherical,
hexagonal, ellipsoidal, pentagonal, cylindrical (rod-like), cubic, cuboid and triangular
(Cao et al., 2016; Feng et al., 2017; Konar et al., 2016). They exhibit thermodynamic,
catalytic, electronic and optical properties which are different from those of the

corresponding bulk materials, thus are used as building blocks to construct complex



nanostructures such as nanowires, both by themselves and nanoparticles (Igbal et al.,
2007; Jain et al., 2007; Jana et al., 2001). The shape and crystallographic facets are the
major factors which determine the catalytic and surface activities of the nanoparticles
(Nikoobakht & EI-Sayed, 2003). One of the important and challenging tasks in the
synthesis of nanoparticles is the control of the shape and size (Nikoobakht & El-Sayed,
2003; Pérez-Juste et al., 2005; Raza et al., 2016). The size of the nanoparticle can be easily
controlled but the control of the shape can be quite challenging. Nanoparticles (NPs) can
be synthesized through physical method such as seeding growth, laser ablation, and
pyrolysis, in addition to chemical methods such as chemical vapor deposition (CVD), sol
gel technique and electrodeposition. In addition, biological synthesis methods can be done
by using microorganisms and plants which are more eco-friendly and non-toxic (Ajitha
et al., 2016; Kumar & Yadav, 2009; Nasrollahzadeh et al., 2016; Singh et al., 2016). For
example, the synthesis of Au, Ag and Au-Ag nanoparticles using aqueous extract and
dried powder of Anacardiumoccidentale leaf was accomplished by Noruzi and co-worker

in 2012.

For transition metal nanoparticles, the decrease in the size to the nanoscale
dimensions increases the surface-to-volume ratio. The preparation of nanoparticles in
different shapes and sizes facilitates their utilization as catalysts in photochemical
reactions (Jeevanandam et al., 2018; Khan et al.,, 2019; Mohamed et al., 1999).
Nanoparticles have been shown to possess structural, electronic, dielectric, magnetic,
optical and chemical properties that are different from the corresponding bulk materials.
These properties exhibit strong size variations (Akita et al., 2008). The reaction
parameters, such as reaction time, temperature, concentration and the selection of
reagents and surfactants can be used to control the size and shape of the nanoparticles for

systematic adjustments (Khan et al., 2019; Mohamed et al., 1999).

10



2.2 Gold Nanoparticles

Metal nanoparticles have become a continuous part in the current research in
nanotechnology. They exhibit rare physical and chemical properties which are quite
different from their macro scale (Jayalakshmi et al., 2014; Tyagi et al., 2011). Among the
metal nanoparticles, gold nanoparticles (Au NPs) are the most commonly studied (Tyagi
et al., 2011). Gold nanoparticles are also known as colloidal gold (Jayalakshmi et al.,
2014). The reason for this is the relative ease of synthesis and wide range applications of
colloidal gold i.e. catalysts, biomedicine and sensing (Patra & Baek; 2015). In addition,
their ease towards surface modification reactions has made them a potential candidate for
a variety of applications in catalysis, sensing and biomedicine. The first discovery of
catalytic application of Au NPs is the oxidation of carbon monoxide by Au NPs supported
on transition metal oxide (Seo et al., 2017). The high surface-area-to-volume ratio
properties of Au NPs increases the chemical reactivity. Among the organic reactions that
uses Au NPs as catalysts is the reduction of nitro groups such as in nitrophenol (Seo et
al., 2017). The catalytic activity of nanoparticles can be enhanced by decreasing the
particle size and changing the particle morphology (You et al., 2017). As Luo et al.,

(2014) stated that gold nanoparticles is highly efficient catalyst for various reactions.

Gold nanoparticles have unique optical properties in the visible range, due to the
surface plasmon oscillation of free electrons. This unique optical property of gold
nanoparticles is known as Surface Plasmon Resonance. The unique optical property that
arises from the localized surface plasmon resonance (LSPR) is sensitive to the size, shape
and aggregation state of the nanoparticles. These properties have been recently
investigated because play a role in catalytic activity (Li et al., 2014). The quasi-static
approximation means that the gold nanoparticles are much smaller than the incidence

wavelength. These oscillations in gold nanoparticles give rise to the SPR phenomenon,
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which occur within visible frequencies and produce scattering and strong optical

absorbance of the gold nanoparticles (Abdelhalim et al., 2012).

The special properties of gold nanoparticles depend on the size, therefore the
synthetic methodology of gold nanoparticles with small and uniform size distribution play
an important role in the physicochemical properties. The various synthetic strategies of
gold nanoparticles include conventional and green technology techniques (Patra & Baek,
2015). The conventional synthetic methods involve the use of chemicals such as sodium
citrate, sodium borohydride, hydroquinone, ascorbic acid and organic solvent (Alzoubi et
al., 2015; Jayalakshmi et al., 2014; Mechler et al., 2010; Patra & Baek, 2015). While the
green method utiilizes plant or fruit extracts in the synthesis of Au NPs, which possesses
advantages such as non-toxicity and environmentally friendly. For instance, banana peels,
custard apple peels, citrulluslanatas rind and extract flower were utilized in the synthesis
(Dwived and Gopal, 2010; Ghosh et al., 2012; Patra & Baek, 2015). However, the
preparation of Au NPs using citrate is the best candidate due to several reasons such as
inexpensive cost, non-toxic water solvent, and low pollution (Li et al., 2011). The
reduction by citrate also known as the Turkevich method was introduced by Faraday in
1857. The Turkevich process is promising technique for the production of spherical gold
nanoparticles. This method utilizes only three starting materials; auric acid, sodium citrate
and distilled water. Sodium citrate acts as the capping and reducing agent. The function
of both agents is to prevent the aggregation of gold nanoparticles and to reduce auric acid
into gold nanoparticles. During the reaction, the citrate stabilizes the Au NPs through
mutual electrostatic repulsion between neighboring gold nanoparticles; this occurs as a

result of the negative surface charge of the citrate layer (Salcedo et al., 2013).
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In 1973, Frens demonstrated that the size of gold nanoparticles can be controlled
by changing the concentration of sodium citrate through the citrate reduction method. The
structural characteristics of nanoparticles are controllable with such parameters such as
additives, light and thermal energies, and their various combination. In order to achieve
a desirable size control, gold nanoparticles are grown by a fast nucleation process
followed by a diffusion-controlled growth. The control of size distribution of the
nanoparticles is widely known as the LaMer model, or is also known as “focus in size
distribution” in the field of non-aqueous solution synthesis of nanoparticles at elevated

temperatures (Tyagi et al., 2016).

This nucleation-growth mechanism is affected by the temporal evolution of the
nanoparticles sizes under certain conditions (Polte, 2015). Instead of a gradual growth of
the nanoparticles was found that at the lower reaction temperature about 60-80 °C, as well
as in boiling water (Babick, 2016; Ji et al., 2007; Shrestha et al., 2020). From this, Zukoski
et al., (1994) initiated a reversible aggregation of unstable primary particles, followed by

a re-dispersion of the primary particles in the last stage of the reaction (Biggs et al., 1994).

2.3 Silver Nanoparticles

Nowadays, noble metal nanoparticles such as Au, Ag, Pd etc have received wide
attention due to their amazing properties (Karthik et al., 2016). Among them, silver
nanoparticles (Ag NPs) have attained special focus due to their enhanced properties in
sensor, catalysis and electronic applications (Mott et al., 2010). Fundamental studies were
carried out in the late 1980s and 1990s which showed that silver nanoparticles possess an
interesting interaction with light due to dielectric constant which enables the occurrence

of light repines in the visible regions (Baba et al., 2014; Lee & Meisel, 1982).
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Notably, silver is one of the metals which can be tailored to respond across the full visible

spectrum.

There are two approaches for the synthesis of nanoparticles which is the bottom-
up and top-down approach. Gaffet et al., (1996) and Wang et al., (2004) stated that the
top-down approach includes chopping down the bulk metals by mechanical means. An
example is the metal vapor methods (Blackborrow et al., 1979; Klabunde et al., 1991),
which provides a versatile route for the production of a wide range of nanostructured
metal colloids (Bradley, 1994). However, this technique has a few disadvantages such as
the difficulty of obtaining a narrow particle size distribution, and sample contamination
by impurities. While, the bottom-up approach such as the wet chemical nanoparticles
preparation basically depends on the chemical reduction of metal salts, electrochemical
pathways, or the controlled decomposition of metastable organo metallic compounds in
solution. A variety of stabilizers in the form of polymers, donor ligands and surfactants

are used in order to control the particle agglomeration (Cao, 2004).

The application of silver nanoparticles depends on the surface area of the silver
nanoparticles, therefore, it is very important to control the particle size and dispersion
precisely. For instance, when spherical metal particles are transformed into nanoscale
dicks or triangular prism, their surface plasmon resonance are strongly affected and are
typically red shifted, splitting into distinctive dipole and quadruple plasmon modes (Jin
et al., 2001; Maillard et al., 2002). Normally, silver nanoparticles dispersed in solution
exhibits the Brownian motion. The activation energies between the nanoparticles
determine whether the silver nanoparticles can be separated or agglomerated. The
particles will agglomerate if the attractive forces between them are stronger than the

repulsive forces. Therefore, the resultant forces between silver nanoparticles determine
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whether they will separate or agglomerate (Lin et al., 2007). Therefore, a stabilizing agent
is added together with the reducing agent to prevent the silver nanoparticles from
agglomeration after the reduction of silver ion (Sondi et al., 2002). Ranoszek-Soliwoda
et al., (2017) utilized the same reducing and stabilizing agents for the preparation of Ag

NPs.

Generally, silver nanoparticles can be fabricated using different techniques such
as chemical reduction (Guzman et al., 2009; Kurihara et al., 1995), sonochemical (Zhang
et al., 2004), photochemical (Henglein et al., 1998; Huang et al., 1996), electrochemical
(Huang et al., 2006), and thermal decomposition (Kim et al., 2005). In addition, silver
nanoparticles can be prepared by a natural method from plant origin using a non-toxic
and environmentally friendly solvent (Dwivedi & Gopal, 2010). A preferable method to
synthesize silver nanoparticles is the chemical reduction (Kalantari et al., 2017); where
silver nitrate (AgNO:s) is reduced by a reducing agent. This is due to its large scale
fabrication, simplicity and economical approach for nanoparticles production. Examples
of reducing agents frequently used by previous researchers are sodium borohydride,
sodium citrate, hydroxylamine hydrochloride and sodium hydroxide (Kalantari et al.,
2017; Xin et al., 2014). The reducing agent not only reduces the silver ion, but also acts

as a stabilizing agent and prevent aggregation.

The chemical reduction methods utilizes silver nitrate as the starting material. This
method varies in the choice of reducing agent, the relative quantities and concentrations
of reagents, temperature, mixing rate and duration of reaction. The diameters of the
resulting particles are depends upon these conditions. One example is the greenish-yellow

(maximum wavelength Amax 430 nm) colloidal silver nanoparticle with sizes from 15 to
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50 nm, from the reduction using sodium citrate at boiling temperature (Ranoszek-

Soliwoda et al., 2017).

Previous studies have shown that reductants such as borohydride, citrate,
ascorbate and elemental hydrogen are commonly used for the reduction of Ag" ions
(Ahmad et al., 2003). The reduction of silver ions (Ag*) in aqueous solution generally
produces colloidal silver with particle diameters of several nanometers. When the
colloidal particles are smaller than the wavelength of visible light, the solutions have a
yellow brown color with an intense band in the 380 to 400 nm range and other less intense
or smaller bands at longer wavelength in the absorption spectrum (Rosi et al., 2005;
Tessier et al., 2000). This band is attributed to collective excitation of the electron gas in
the particles, with a periodic change in electron density at the surface which also known
as surface plasmon absorption (Bijanzadeh et al., 2012; Ershov et al., 1993; Henglein,
1989). The synthesis of nanoparticles by chemical reduction methods is therefore often
performed in the presence of stabilizers in order to prevent unwanted agglomeration of

the colloidal silver nanoparticles in the solution.

2.4 Bimetallic Nanoparticles

In recent years, bimetallic nanoparticles (BNPs) have received great attention due
to their different optical, electronic, catalytic and magnetic properties relative to the
monometallic nanoparticles. This is due to their novel chemical and physical
characteristics resulting in the synergistic effects between the two metals. Furthermore,
the combination of the properties related to the presence of two individual metals also
attract more attention. BNPs composed of two different metal elements are of greater

interest and importance than monometallic nanoparticles. The presence of the second
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metal in a bimetallic alloy is of primary importance as it modifies the physical and
chemical interactions among various atoms and induce changes on the structure and
surface. These bimetallic nanocomposites have potential applications in biosensing,
therapy and catalysis (Tojo & Vila-Romeu, 2014). The interaction between the two metals
modifies the electronic states of the constituent metals. The properties of bimetallic
nanoparticles can be tuned by adjusting the composition, morphology, size and atomic
ordering. The stability and dispersion of nanoparticles, and regulating the magnetic and
optical properties can be enhanced by tuning the surface plasmon band of BNPs (Srinoi
et al., 2018). As shown in Figure 2.1, the structure of bimetallic nanoparticles can be
broadly classified into two types which are mixed and segregated structures. In terms of
atomic ordering, the bimetallic nanoparticles can be separated into four types: alloy,

intermetallic, core-shells and sub-clusters (Srinoi et al., 2018).

e

Figure 2.1: Types of bimetallic nanoparticles: (a) alloyed, (b) intermetallic, (c)
subclusters, (d) core-shell, (e) multi-shell core-shell, and (f) multiple core materials
coated by a single shell material. Purple and yellow spheres represent two different

kinds of metal atoms (Srinoi et al., 2018).
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The overall properties of the materials depends on the nature of the atomic ordering
in the structures. The atomic ordering of mixed structures can be divided into random
(Figure 2.1(a)) or an ordered configuration (Figure 2.1(b)). Alloyed and intermetallic
structure are examples for mixed structure with random and ordered arrangement,
respectively. Alloyed nanoparticles are composed of two metals are randomly mixed;
while intermetallic structures are orderly mixed. Segregated structures (Figure 2.1(c)) are
composed of two separate components with a shared interface; while core-shell structure
(Figure 2.1(d)) consists of an inner metal core surrounded with a second metal as the outer
shell. Examples of segregated structures are core-shell structure (Figure 2.1(d)), multi-
shell core-shell structure, in which the shells are in an alternating arrangement (Figure
2.1(e)), and multiple small cores coated by a single shell (Figure 2.1(f)) (Srinoi et al.,

2018).

The core-shell nanostructures as shown in Figure 2.2 have become an important
research area since few decades ago, due to their potential applications in various fields
such as catalysts, industrial and biomedical applications etc (Burda et al., 2005; Campbell
et al., 2002; De Leeuw et al., 1997; Frederix et al., 2003; Kamat et al., 2002; Kanatzinis
et al., 1990; Praharaj et al., 2004). The core-shell can be broadly defined as comprising a
core (inner material) and a shell (outer layer material). The combinations of two kinds of
metals and their fine structures, evolving new surface characteristics exhibits interesting
physicochemical properties (Guha et al., 2011).The core-shell nanocomposites and
nanostructures may consist of different sizes and different shapes of the core and shell
thickness with different surface morphology. They may be spherical, centric, eccentric,
star-like or tubular in shape. Their properties varies from one material to another
depending on their size and shape. Whenever the surface of the nanoparticles is modified

by functional groups or molecules or coated with a thin layer of another materials with
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different constituents, they show enhanced properties compared to the non-functionalized
uncoated particles. There are different types of core-shell structure such as metal-core and
different metal shell, metal-core and non-metal shell, metal-core and polymer shell, non-
metal-core and non-metal shell, polymer-core and non-metal shell and polymer-core and

polymer shell, where the two polymers are different (Paik, 2013).

Core

Core-shell structure

Figure 2.2: Schematic of core shell nanoparticles (Paik, 2013).

The core-shell nanostructures consist of a shell from a single type of metal atom
surrounding a core from another metal. Different categories of the core-shell structures
are shown in Figure 2.3 (a)-(d). Concentric core-shell nanoparticles are the most common
(Figure 2.3(a)) where a core metal A is completely coated by a shell of a different material
(metal B). Multiple nanoparticles may present an onion-like alternating of a ~A-B-A—
shell structures (Figure 2.3(b)) or multiple core-core/shell particles formed when a single
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shell material is coated by many smaller core particles (Figure 2.3(c)). It can be
demonstrated by dynamic simulation that onion-like structures, such as the A-B—A could
be favored for Cu-Ag, Ni-Ag and Pd-Ag clusters, while the A—-B—A-B arrangements
could be formed in the case of Co-Rh and Pd-Pt clusters, respectively (Rossi et al., 2004).
Three shell Pd-Au nanoparticles - made from an intermixed core, an Au-rich intermediate
shell, and a Pd-rich outer shell were obtained by successive reduction of the
corresponding metallic precursors by Ferrer et al. (2007). The synthesis a movable core
particle within an uniformed hollow shell particle (Figure 2.3(d)) after the bilayer coating
of the core material and removal of the first layer, could be done by using a suitable
techniques such as dissolution (Lou et al., 2008) or thermal treatment (Zhang et al., 2011)
to remove interior shell is possible. A movable core-shell structure could be also obtained
by slow and fully controlled dissolution of melamine formaldehyde (MF) core
encapsulated in silica shell, resistant for reaction conditions (Choi et al., 2008). The
movable core of a noble metal (Ag, Au, Pt) is usually encapsulated in a polymer (Han et

al., 2014; Heshmatpour et al., 2012) or silica shell (Choi et al., 2008; Nabid et al., 2016).

Figure 2.3: Structures of bimetallic nanoparticles (a) core-shell nanoparticles; (b)
multishell core-shell nanoparticles; (c) multiple small core material coated by single
shell material, (d) movable core within hollow shell material (Ghosh Chaudhuri &

Paria, 2011; Pittaway et al., 2009).
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2.4.1 Bimetallic Gold-Silver Nanoparticles

Bimetallic gold-silver (Au-Ag) nanoparticles have been reported by many
researcher for different applications such as catalyst and surface enhanced Raman
scattering (SERS) (Calagua et al., 2015; Ko & Chang, 2014; Lu et al., 2013; Monga &
Pal, 2015). The combination of these two metals in core-shell entities offers the possibility
to tune the localized surface plasmon resonance (LSPR) by varying the size of the core
and the shell thickness (Lu et al., 2013). The localized surface plasmon resonance of the
Au-Ag core-shell nanoparticles shows distinct geometry-dependence. This may lead to a
new way to tune the surface plasmon resonance wavelength for enhancement of the
surface electric field, which is suitable for detecting sensitive target molecules (Liu et al.,
2015). Metallic Au and Ag have almost identical lattice constants (0.408 for Au and 0.409
for Ag). These characteristics reduces lattice strain at the gold-silver interface and leads
to the formation of bimetallic structure (Monga & Pal, 2015; Rodriguez-Gonzélez, 2005;
Tsuji et al., 2006; Xu et al., 2005). In addition, the Au-Ag core-shell NPs have been
exclusively explored due to the tunable surface plasmon bands in the visible region and

similar face-centered crystal structure.

Recently, Haldar et al., (2014) have reported the core size dependent catalytic
properties of bimetallic Au-Ag core-shell nanoparticles. The catalytic properties can be
tuned by tuning the size and shape of the nanoparticles. There are two parameters to fix
the shell thickness of a core or shell with different core sizes, either by increasing the
concentration of shell materials while keeping particle concentration constant, or by
decreasing the particle concentration of the larger size core materials (Haldar et al., 2014).
Monga and Pal, (2015) demonstrated the preparation of Au-Ag core-shell NPs for
measuring the catalytic activity of nitrobenzene relative to their respective monometallic

counterparts and the core-shell system shows higher catalytic activity than the
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corresponding single metal due to the synergistic effect. In their core-shell system, the
volume of silver nitrate solution was varied to control the thickness of the Ag shell
(Monga & Pal, 2015). Albonetti et al., (2010) also reported the synthesis of Au-Ag core-
shell nanoparticles by microwave assisted eco-friendly method for catalytic applications.
Yuan et al., (2015) prepared bimetallic Au-Ag core-shell nanoparticles with different

thickness of silver by adjusting the amount of silver nitrate solution for sensor application.

In catalytic applications, the core diameter and shell thickness could play an
important role on the catalytic activity. By changing the nature of the core, the shell-
thicknesses and the core/shell ratio, the surface properties and catalytic activity of Au-Ag
core-shell NPs can be manipulated to be a consequence of different work functions of the
Au and Ag metals. Since the electronic distribution of both Au and Ag is different, the
catalytic activity of shell atoms (Ag) can be electronically affected by the core atoms (Au)
and vice versa (Monga & Pal, 2015). Another factor that influence the catalytic activity
of bimetallic core-shell NPs is the particle size (Gopalakrishnan et al., 2015). In addition,
Au as the core and Ag as the shell can enhance resistance to oxidation. Based on Shankar
et al., (2012) studied, the stability of bimetallic Au-Ag core-shell nanoparticles depend
on the distance between the Ag-shell from Au-core. The thicker the Ag shell (the further

the Ag from the Au core), the weaker the stability of the Au-Ag nanoparticles.
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2.4.2 Synthesis of Bimetallic Nanoparticles

The synthesis of Au-Ag nanoparticles has been accomplished through several
different techniques. The chemical synthetic methods which have been adopted for the
past few years are the citrate reduction and polyol process. While the physical methods
are such as sonochemical method, photolytic reduction and laser ablation (Tsuji et al.,
2006). The green synthesis approach utilizes biological organisms such as plant extracts
and microorganisms which is an eco-friendly method to prepare core-shell NPs.
Gopalakrishnan et al., (2015) reported the synthesis of Au-Ag core-shell nanoparticles
using Silypummarianum seed extract for the reduction of 4-NP and methanol oxidation
reactions. The extraction of Silybummarianum seed is the reducing and stabilizing agents
(Gopalakrishnan et al., 2015). Kirubha and Palanisamy (2014) prepared Au-Ag core-shell
NPs using gripe water for SERS application, where gripe water is the reducing and
stabilizing agent. Since the catalytic activity of bimetallic core-shell NPs relies on the
particle size, the biological method in not suitable due to difficulties to control the size

distribution and crystal structure of the nanoparticles (Gopalakrishnan et al., 2015).

The most commonly used strategy is the seed-mediated growth method which
involves a two-step seeding-growth method where the pre-synthesized metal
nanoparticles are used as seeds for the overgrowth of the second metal (Calagua et al.,
2015; Guzel et al., 2010; Ko et al., 2014; Sanyal et al., 2013). This method are much
preferable for the synthesis of bimetallic nanoparticles due to the easiness of synthesis
and ability to control their size, shape and composition. In this type of process, reducing
agents play an important role to control the size distribution of the nanoparticles. For
instance, strong reducing agents can create new nuclei in solution, which can lead to the
formation of metal nanoparticles having with different sizes (Jana et al., 2001). The

reducing agents which can be used through this technique are sodium borohydride
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(Kumari et al., 2015; Zong et al., 2012), sodium citrate (Ko & Chang, 2014; Song et al.,
2016; Yang et al., 2008), and polyvinylpyrrolidone (PVP) (Eisa et al., 2016) etc. Srnova-
Sloufova et al., (2000) prepared layered core-shell bimetallic Ag-Au nanocages through
a seeded-growth method for surface enhanced Raman spectroscopy (SERS) applications.
Park et al., (2011) synthesized Au@Ag core-shell nanoparticles from spherical gold seeds
with controllable shapes (Park et al., 2011). Hu et al., (2005) developed an Au-seeding
method by which bimetallic Au@Pd core-shell nanoparticles can be prepared with
controllable sizes for use in SERS-based applications. This is due to their good potential
in SERS activity, stability, and reversibility (Hu et al., 2005). Wang and coworkers have
prepared sub-clustered PtAu nanoparticles with controllable morphologies by the
overgrowth of gold onto platinum (Wang et al., 2010). The shape and size of the
bimetallic nanoparticles were organized by tuning the size of Pt seeds or the solvent
polarity in order to obtain nanoparticles with various shapes such as peanut-like, peer-
like and clover-like shapes. This method to obtain certain morphologies is a potential
candidate for different types of catalytic application. This is because the morphologies

may influence the catalytic performance of the nanoparticles.

So far, to control the size, the composition and uniformity of nanoparticles possess
some limitations even though the synthesis of bimetallic Au-Ag core-shell with spherical
shape has been achieved. Furthermore, surfactants such as cetyltrimethylammonium
bromide (CTAB) and polyvinylpyrrolidone (PVP) are needed in this synthetic method.
However, these materials prevent reporter molecules from adsorbing onto the
nanoparticles surface, which restrict the application in SERS and biosensors. The Au-Ag
core-shell nanoparticles without surfactant are suitable for SERS application, but the size
correlated and excitation wavelength dependent SERS studies have not been stated in

detail due to restrictions of their size controlled synthesis, unlike gold nanoparticles
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(Samal et al., 2013). On the other hand, Samal et al., (2013) used the citrate as a stabilizer
to prepare Au-Ag core-shell nanoparticles in water. This method could provide gradual
coating of citrate stabilized gold nanoparticles with silver shells. In addition, citrate as a
stabilizer can make gold and silver nanoparticles biocompatible and easy to be modified
due to their loosely bound ligand layer. So that, citrate-capped Au-Ag nanoparticles could

be well-organized towards catalysis, SERS and PEGylation applications.

Haldar et al., (2014) have proposed a growth mechanism of bimetallic Au-Ag core
shell nanoparticles by extracting aliquots of the reaction mixture at certain time intervals.
The aggregation-based growth mechanism which includes the initial nucleation and
growth of separate silver nanoparticles, which must be subsequently attached to the gold
nanoparticles. Through this process, one should notice the progressive growth in the
population of core-shell at the expense of the population of both the nanoparticles and the
silver nanoparticles formed by homogeneous nucleation. At the early stage (t= 5 minutes),
a few faceted primary shell thickness about 3-5 nm are formed (Figure 2.4(a)). But, these
primary particles can aggregate through the Ostwald ripening process (Figure 2.4(b)). The
shell thickness increases gradually as the reactant are added continuously. The thickness
of silver shell is almost the same as the initially formed particles as shown in Figure 2.4
(c)). It assumed that the addition of the reactants at a constant flow rate does not induce
the separate growth of silver nanoparticles. Unless it is ripening, the attachment of
primary gold nanoparticles to form bimetallic gold-silver core shell nanoparticles. All the
precursors are added to the reaction system after 30 minutes and precise bimetallic Au-

Ag core shell nanoparticles are formed.
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Figure 2.4: TEM images of samples at different dropping time. (a) initial reaction stage

(t =5minutes), (b) primary particles had some tendency to aggregate through Ostwald
ripening and (c) addition of reactant continuously to form shell thickness (Haldar et al.,

2014).

In this research, the precursors used were silver nitrate as a source of silver ion,
gold (I11) chloride trihydrate as the source of gold ion, citrate and ascorbic are the reducing
and stabilizing agents. Distilled water was used in the preparation of aqueous solutions.
The chemical composition was determined based on previous study (Yang et al., 2008).
The variation in composition of gold seeds was needed in order to provide an ultimate
condition for reducing 4-NP. The concentration of silver nitrate solution was constant
throughout the experiment. The presence of mild reducing agent which was aqueous
ascorbic acid solution was used to reduce the silver ions at the metallic surface only. The
silver ions that are reduced by the ascorbate ions are deposited onto the surface of gold
nanoparticles to form the Au-Ag nanoparticles. The citrate solution was used to prevent

the nanoparticles from agglomeration to form larger nanoparticles.
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2.5 4-nitrophenol

The concern for public health and environmental safety has been increasing over
the past few decades. Chemical pollution of surface threaten the aquatic life such animals
and plants with hazardous effects. As we know, nitroaromatic compounds have been used
in industry and agriculture fields for instance, pesticides, pharmaceuticals and
intermediates in the synthesis of dyes. Nitrophenols (NP) is the one of the nitroaromatic
compounds and considered as dangerous substance that invades the body through the
respiratory system, digestive system and skin (Tang et al., 2015). Therefore, the removal
of nitrophenol are essential to protect the human being and the environment. The simplest
way to remove nitrophenol from the environment is the reduction into aminophenol (AP)
(Ghorai, 2015). On the other hand, the product of nitrophenol reduction can be used for
antipyretic drugs, photographic developer, corrosion inhibitor etc. There are several
synthesis routes which have been developed for the removal of nitrophenols in aqueous
solutions such as the Fenton process, photodegradation and ozonation. Recently, metal-
based catalysts have been used for the reduction of nitrophenols such as gold, silver,

platinum, nickel and cobalt nanoparticles (Lin & Doong, 2014).

27



OH

NO>»

Figure 2.5: Molecular structure of 4-NP (Open chemistry database. Retrieved from

https://pubchem.ncbi.nim.nih.gov/compound/4-Nitrophenol#section=Top)

Table 2.1: Physical properties of 4-NP

Chemical formula CsHsNO3
Appearance Colorless
Molar mass 139.11 g/mol

Melting point 113.8°C
Boiling point 279.0 °C

Solubility in water

15,600 mg/L at 25 °C



https://pubchem.ncbi.nlm.nih.gov/compound/4-Nitrophenol#section=Top

The most common method to reduce nitrophenol to aminophenol is by catalytic
reduction by various noble metal nanoparticles, such as monometallic and bimetallic
nanoparticles. Noble metals are much preferable due to the higher catalytic rates and
faster catalytic induction (Hong et al., 2016). There are several examples of researchers
who synthesized catalyst for the reduction of 4-NP such as palladium/graphene
nanocomposites (Sun et al., 2014), Au-Ag nanocages (Hong et al., 2016), palladium
nanowires (Chawla et al., 2016), silver nanoparticles (Liang et al., 2013), Au-Ag
bimetallic nanocomposites (Gopalakrishnan et al., 2015), and titania (Ghorai, 2015).
Different types of catalyst will require different reaction times to reduce nitrophenol to

aminophenol as shown in Figure 2.6 (a-e).

3 4-nitrophenol --

330

Absorbance (a.u.)

0-
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Figure 2.6: UV-vis absorbance for reduction nitrophenol using (a) Pd nanowires
(Chawla et al., 2016), (b) Au-Ag bimetallic nanocomposites (Gopalakrishnan et al.,

2015)
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Figure 2.6: UV-vis absorbance for reduction nitrophenol using (e) Au-Ag nanocages

(Hong et al., 2016).
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In this study, 4-NP was reduced by the Au-based catalyst. Even though, Au-based
systems may lead higher cost but the combination of gold with silver can reduce the usage
of gold by forming bimetallic gold-silver nanoparticles. In addition, bimetallic
nanoparticles intensively impacts the catalytic activities (Hong et al., 2016; Sun et al.,
2014). According to Hong et al., (2016), metal nanoparticles have been studied
extensively in the field of catalysis due to the unique catalytic role in various electron-
transfer reactions which results from their possession of a higher Fermi potential. It may
causes the lowering of the redox potential value, which becomes more negative and

allows them to act as catalysts.

Table 2.2 presents rate constant, amount catalyst, and particle size of different
catalyst for the 4-NP reduction. Clearly, the bimetallic nanoparticles shows the higher
rate of 4-NP reduction compare to their single element. This is due to the synergistic effect
between the two elements. Wu et al., (2013) prepared Au, Ag and Au-Ag NPs onto
graphene oxide (GO). GO is used as a stabilizing agent and a support. From that, it will
prevent the nanoparticles from aggregation. In addition, GO has a large surface area and
abundant functional group on its surface so that, the nanoparticles can be anchored to its
surface (Wu et al., 2013). While the performance of Au/GO over Ag/GO due to the
particle sizes since small NPs have higher catalytic activities than larger ones; the size of
the Au/GO particles was smaller than that of Ag/GO. The Au, Ag and Au-Ag NPs
synthesized on the poly(cyclotriphosphazene-co-polyethyleneimine) (PCP) microspheres
also for avoiding the nanoparticles from aggregation (Fu et al., 2018). According to Sun’s
report (Sun et al., 2018), different amount of Au-Ag NPs used for 4-NP reduction which
are 0.1, 0.4 and 0.8 ml. Compare with these three amount, the rate of reaction of 0.8 ml
catalyst has an obvious high. It indicates that the amount of catalyst also play an important

role towards the catalytic activity.
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Table 2.2: Comparison of rate constant, amount catalyst, and particle size of different

catalyst for the 4-NP reduction

Shape of Reducing Amount Rate  Time Par_tlcle
Catalysts NPs Adents catalyst (minY)  (min) Size Ref.
9 (ml) (hm)
Ag/GO ) Wu et al.,
Spherical NaBH4 0.1 0.208 25 7.5
NPs 2013
Au/GO ) Wu et al.,
Spherical NaBH4 0.1 0.368 10 5.0
NPs 2013
Au-Ag/GO ) Wu et al.,
Spherical NaBH4 0.1 0.761 5 6.0
alloy NPs 2013
) Fuetal.,
AU/PCP  Spherical NaBH4 0.2 0.023 44 3.7
2018
. Fuetal.,,
Ag/PCP  Spherical NaBH4 0.2 0.023 44 2.6
2018
Au- ) Fuetal.,
Spherical NaBH4 0.2 0.083 12 4.0
Ag/PCP 2018
) Sun et
Au-Ag NPs  Spherical NaBH4 0.1 0.161 6 16.8
al., 2018
) Sun et
Au-Ag NPs  Spherical NaBH4 0.4 0.373 3 16.8
al., 2018
) Sun et
Au-Ag NPs Spherical NaBH4 0.8 0.598 2 16.8
al., 2018
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CHAPTER THREE

RESEARCH METHODOLOGY

This chapter designates materials and experimental procedures, as well as the
parameters considered in this work. Section 3.1 describes the materials used through this
work. Section 3.2 describes the preparation of gold (Au) nanoparticles, followed by the
preparation of silver (Ag) and gold-silver (Au-Ag) nanoparticles and finally, gold, silver
and gold-silver were used as the catalyst for the reduction of the 4-NP to 4-AP. While

Section 3.3 describes the characterization techniques used to analyze the samples.

3.1 Materials

All the chemical reagents were used as-received without any further purification.
Gold (I11) chloride trihydrate (99.9 %, HAuUCI4.3H20), trisodium citrate (Na3CsHs07),
silver nitrate (AgNO3), L-ascorbic acid (CsHgOs), sodium borohydride (99.0 %, NaBHa4),
and 4-nitrophenol (98.0 %, CsHsNO3) were purchased from Sigma-Aldrich. Distilled

water was used in the preparation of nanoparticles throughout the experiments.
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3.2 Samples preparation

3.2.1 Synthesis of gold nanoparticles

The synthesis of colloidal gold was performed by using the citrate thermal
reduction technique (Yang et al., 2006). Briefly, an aqueous solution of HAuCl4.3H20
(2.0 ml of 1.0 wt. %) was added to 90.0 ml distilled water and a light yellow solution was
formed. Then, the above solution was stirred vigorously along with heating until reaching
boiling point at 100 °C. An aqueous solution of sodium citrate (2.0 ml, 38.8 mM) was
added drop-wise into the reaction solution. Sodium citrate does not only function as the
reducing agent, but also to prevent particle aggregation and as a stabilizing agent during
the synthesis process. The successive color changes of the Au solution upon the addition
of the citrate can be described as follows: light yellow to clear, to purple (after 3 minutes),
to dark purple and finally to maroon (after 10 minutes). The solution was quickly cooled
in an ice bath after it turned maroon after 10 minutes. The ice bath was required at final
step in order to maintain a constant temperature during the process which is essential for
obtaining the uniform size of gold nanoparticles. The solution was then centrifuged at
6,000 rpm and washed with distilled water three times to remove impurities. The synthesis

process of Au nanoparticles is illustrated in Figure 3.1.
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Washed with distilled .
' water

Gold nanoparticles

Figure 3.1: Schematic diagram of Au nanoparticles preparation procedures

3.2.2 Synthesis of silver nanoparticles

Figure 3.2 shows the preparation of silver nanoparticles. Silver nanoparticles were

prepared using citrate thermal reduction method, the same method to prepare gold

nanoparticles. Firstly, 0.018 g of silver nitrate was weighed and diluted into 100.0 ml

distilled water. The silver nitrate solution was heated to boiling point at 100 °C. Then, 2.0

ml of 38.8 mM sodium citrate aqueous solution was added drop-wise and the solution

turned chrome yellow after 10 minutes. The solution was cooled at room temperature.

Finally, the solution was then centrifuged at 6,000 rpm and washed with distilled water.
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Figure 3.2: Schematic diagram of Ag nanoparticles preparation procedures

3.2.3 Synthesis of gold-silver nanoparticles

Figure 3.3 shows the bimetallic Au-Ag nanoparticles which were prepared using
the seed colloidal technique (Yang et al., 2008). The as-synthesized citrate-capped Au
NPs were used as the seed in the formation of the bimetallic Au-Ag NPs. The different
volume of Au NPs (2.0 and 5.0 ml) and 1 ml of sodium citrate solution (38.8 mM) were
added to 30 ml of distilled water and stirred for 10 minutes. Then, 1.2 ml of silver nitrate
aqueous solution (10.0 mM) and 0.4 ml of ascorbic aqueous solution (100.0 mM) were
added drop-wise to the above mixture. The reaction mixture was stirred continuously for

30 minutes to ensure a homogeneous solution at room temperature. The solution was then
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centrifuged at 6,000 rpm and washed with distilled water. The details of the experimental

conditions used are listed in Table 3.1.

AuNPs + Sodium
citrate (aq) + Distilled
water (30 ml) Stir
/ (10 min after)
Drop-wise AgNO3 + |
ascorbic (ag) L
_—
000 000
Magnetic stirrer Magnetic stirrer
Centrifuge at 6,000 rpm 1
Washed with distilled
water
—
Bimetallic Au-Ag nanoparticles

Figure 3.3: Seed colloid synthesis process routes for Au-Ag nanoparticles

Table 3.1: Experimental conditions for the synthesis of bimetallic Au-Ag nanoparticles

Molar ratio Silver nitrate Citrate Ascorbic
Au NPs (ml) ) )
of Au:Ag (ml) solution (ml) solution (ml)
1.7:1.0 2.0 1.2 1.0 0.4
4.2:1.0 5.0 1.2 1.0 0.4
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3.2.4 Catalytic activity reduction of 4-NP

The reduction of 4-NP to 4-AP was performed to evaluate the catalytic activity of
the Au, Ag and bimetallic Au-Ag nanoparticles. The reaction was carried out in a standard
quartz cuvette. For the reduction process, the 4-NP solution (3.0 ml, 0.2 mM) was added
with 1.0 ml of distilled water. This was followed by the addition of aqueous NaBH34 (0.5
ml, 0.4 M) solution, resulting in the color change from light yellow to bright yellow.
Finally, 0.2 ml of the Au-Ag nanoparticles was added to the reaction mixture. After the
addition of the Au-Ag nanocatalyst, the UV-vis spectral absorbance was recorded at every
1 minute interval in the range of 200-800 nm at room temperature using a CARY 50 UV-

vis spectrophotometer. Figure 3.4 shows the flowchart of sample preparation.
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Figure 3.4: Flowchart of sample preparation for Au, Ag and Au-Ag nanoparticles
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3.3 Characterization techniques

Several characterizations were performed through this project from the preparation
of gold, silver and gold-silver nanoparticles until the catalytic reduction of 4-NP to 4-AP.
The characterizations methods were UV-vis spectroscopy (UV-Vis), transmission
electron microscopy (TEM), energy dispersive X-ray spectroscopy (EDS), X-ray
diffraction (XRD), high resolution transmission electron microscopy (HRTEM), zeta
potential and high angle annular dark field scanning transmission electron microscopy

(HAADF-STEM).

3.3.1 UV-Vis Spectroscopy (UV-Vis)

Figure 3.5 shows the CARY-50 UV-Visible spectrophotometer (Varian) used for
optical characterization of Au, Ag and Au-Ag nanocatalysts. The wavenumber range for
this equipment is 180-900 nm, and the wavenumbers considered in this work is within
the range 200 to 800 nm. The samples were run in the absorption mode. The samples were
placed in an ultrasonic bath for 10 minutes to ensure the particles were dispersed evenly
in the solution. Before running the samples, the baseline correction was carried out by
using distilled water for gold, silver and gold-silver nanoparticles in the quartz cuvette.
The optical properties of the samples were studied by the plot of graph absorbance versus
wavelength. The surface plasmon resonance (SPR) peaks for each samples were

investigated.
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Figure 3.5: UV-Visible spectrophotometer

3.3.2 Transmission Electron Microscopy (TEM)

TEM is used for nanostructural analysis by providing the information related to
morphology and crystallographic information of a sample. The TEM is utilized to
determine the approximate size of the gold, silver and gold-silver nanoparticles, at the
same time the morphology of nanoparticles were observed. The TEM measurement was
performed by Zeiss LEO LIBRA 120 transmission electron microscope (TEM) with an
electron beam source. The accelerating voltage and magnification were 120 kV and 40 k

respectively.
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The nanoparticles samples were sonicated in an ultrasonic bath for 10 minutes to
break the agglomeration. Then, the samples were drop-casted onto copper grids
(Formvar/carbon on mesh copper) and dried in a vacuum desiccator. After that, the copper
grids were inserted into the TEM holder for analysis. The TEM images particle size

distribution of each sample was measured using image-J software and represents as size

distribution histogram.

Figure 3.6: TEM machine

3.3.3 Energy Dispersive X-ray Spectroscopy (EDS)

Energy Dispersive X-Ray Spectroscopy (EDS) is a chemical microanalysis
technique used in conjunction with field emission scanning electron microscopy
(FESEM). The FESEM (HITACHI SU8220) was attached with EDX Oxford Instruments
model XMX1011. The EDX technique detects X-rays emitted from the sample during

bombardment by the electron beam and leads to the characterization of the elemental
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composition of the analyzed sample. The sample images were captured from a bright-
fringe scanning electron microscopy (BFSTEM) mode at an accelerating voltage of 30

kV.

In this project, the EDS analysis was carried out to investigate the composition of
the gold, silver and bimetallic gold-silver nanoparticles. Before running testing, the
synthesized Au, Ag and Au-Ag nanoparticles were sonicated for 10 minutes, drop-casted

onto copper grids and dried in a vacuum desiccator.

Figure 3.7: FESEM machine equipped with EDS

43



3.3.4 X-ray Diffraction (XRD)

X-ray diffraction is a useful technique in determine the structure, composition as
well as state of polycrystalline materials. In this work, X-Ray Diffraction was performed
to determine the structure and planes of the synthesized Au, Ag and Au-Ag nanoparticles
between 20° to 90°. The XRD pattern of the samples were recorded with a PANalytical
Empyrean X-ray diffractometer using Cu K, radiation of A = 1.54060 A. Throughout
these experiments, the samples were thin films, prepared by drop coating of the solution
on glass slides as shown in Figure 3.8 and followed by drying at room temperature. The
scan parameters of the diffractometer was set with step size of 0.02°. The voltage and

current used are 40 kV and 40 mA, respectively.

AuNPs AgNPs  Au-AgNPs(20ml Au-AgNPs(5.0ml
Au seed) Au seed)

Figure 3.8: Thin film by drop coating of the Au, Ag and Au-Ag nanoparticles on glass

slide
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Figure 3.9: XRD machine

3.3.5 High Resolution Electron Microscopy (HRTEM)

High resolution electron microscopy provides high resolution images at the
atomic scale level. The high resolution transmission electron microscopy (HRTEM) uses
both the transmitted and scattered beams to create an interference image. It is a phase
contrast image and can be as small as the unit cell of a crystal. The HRTEM model is

TECNAI TF20 X-Twin FEI at accelerating voltage of 200 kV.

Sample preparation for HRTEM analysis was similar with the sample preparation
of TEM in previous section. The nanoparticles samples were sonicated in an ultrasonic
bath for 10 minutes to break the agglomeration. Then, the samples were drop-casted onto
copper grids and dried in a vacuum desiccator. After that, the copper grids were inserted

into the holder for analysis.
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Figure 3.10: HRTEM machine

3.3.6 Zeta Potential

Zeta potential ({) is a measure of the surface electrostatic potential of the
nanoparticles. It is related the electrophoretic mobility and stability of the nanoparticles
suspension (Dougherty et al., 2007). In this research, zeta potential analysis were
performed to measure the potential stability and surface charge of the synthesized Au, Ag
and Au-Ag nanoparticles by using Zetasizer Nanoseries ZS (Malvern, UK) instrument at
room temperature. The procedure for sample preparation, started with the sample
solutions were injected into a disposable capillary cell. Next, the sample cell was inserted
into the instrument and the measurement was started after the sensors have equilibrated.
The measurement was run and results were collected, and represented as a graph of total

counts versus zeta potential. The sign value whether positive or negative determines the
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state of charge at the particle surface. Particles with zeta potentials more positive than
+30 mV or more negative than -30 mV are normally considered stable (Zhang & Yang,

2008).

ZETASIZER NANO ZS

v

Figure 3.11: Zeta-sizer instrument

3.3.7 High Angle Annular Dark Field Scanning Transmission Electron Microscopy

The HAADF-STEM analysis were conducted by TECNAI TF20 X-Twin FEI with
an accelerating voltage of 200 kV. This testing was done to reveal the elemental
distributions of Au and Ag in Au-Ag nanoparticles. The signal in HAADF-STEM mode
depends on the atomic number of the elements. Samples for HAADF-STEM observations
were prepared on copper grid and dried in a vacuum desiccator, which is same way with

TEM analysis sample preparation.
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3.3.8 Catalytic Activity Reduction of 4-NP

The reduction of 4-NP to 4-AP was performed to evaluate the catalytic activity of
the Au, Ag and Au-Ag nanoparticles. The reaction was carried out in a standard quartz
cuvette. For the reduction process, the 4-NP solution (3.0 ml, 0.2 mM) was added with
1.0 ml of distilled water. This was followed by the addition of aqueous NaBH4 (0.5 ml,
0.4 M) solution, resulting in the color change from light yellow to bright yellow. Finally,
0.2 ml of the nanoparticles catalyst (Au, Ag and Au-Ag) was added to the reaction
mixture. After the addition of the nanocatalyst, the UV-vis spectral absorbance was

recorded at every 1 minute interval in the range of 200 to 800 nm at room temperature.
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 Introduction

In this chapter, the monometallic Au, Ag and bimetallic Au-Ag nanoparticles
synthesized via the citrate thermal reduction and seed colloidal techniques, respectively
are obtained. After that, the nanoparticles are used for catalytic reduction of 4-NP to 4-

AP. The details of results are discussed throughout this chapter.

4.2 UV-visible (UV-Vis) Analysis

The UV-vis measurement was performed to obtain the surface plasmon resonance
(SPR) of the Au, Ag and Au-Ag nanoparticles. The absorption spectra of the colloidal
solution of gold nanoparticles are shown in Figure 4.1-4.3. The UV-vis absorbance
spectra of the resultant Au and Ag nanoparticles appeared at 523 and 428 nm,

respectively.

Gold nanoparticles are known to exhibit a range of surface plasmon resonance
between 500 to 600 nm (Kumari et al., 2016). During heating, the color of the HAuCl,4
solution changed from yellow to maroon due to the reduction of Au®* to Au NPs after the

addition of citrate aqueous solution.
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Figure 4.1: UV-Vis absorption spectra for Au nanoparticles

The absorbance spectra between 350 nm to 450 nm region is typical of the silver

nanoparticles (Mamun Ur Rashid, 2013). The absorption spectra of the colloidal solution

of Ag nanoparticles are shown in Figure 4.2. The color of the synthesized silver colloidal

is a chrome yellow solution (Basavaraj Udapudi, 2012). The source of the Ag NPs is the

AgNO:s salt.
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Figure 4.2: UV-Vis absorption spectra for Ag nanoparticles

The UV-Vis absorbance spectra of the Au-Ag bimetallic NPs of 2.0 ml and 5.0
ml Au seeds volumes showed SPR peaks at 450 nm and 435 nm, respectively as shown
in Figure 4.3. The maximum absorbance spectra of bimetallic NPs shows a single peak
suggesting a homogeneous colloidal mixture of the Au and Ag nanoparticles without
signifying formation of independent particles (Kalantari et al., 2017; Yang et al., 2008).
The solution color changes from light pink to yellow-orange with the addition of AgNO3
and ascorbic acid solution indicating the deposition of Ag layer onto the surface of Au
NPs. The ascorbic acid and citrate solutions serve as a weak reducing agent for the
reduction of Ag ions and also as a stabilizing agent (Yang et al., 2008). The stabilizing
agents prevented the agglomeration of the newly formed nanoparticles. The SPR band

gives useful information about the size of the synthesized nanoparticles. This is because
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the frequency and width of SPR rely on the size of the nanoparticles as well as on the
dielectric constant of the metal itself and the surrounding medium (Huang et al., 2007).
In addition, Yong et al., (2008) stated the surface plasmon resonance depends on the
particle size, shape and its surrounding environment. Thus, the surface plasmon band for
the bimetallic core shell nanoparticles can evaluate by its polarizability. The equation as

follows:

R, (€—€m) (8ct28s) + (1—g) (8—8&s) (28stEm)

o= (4.1)
(€—2€m) (Ec+28:) + (1—g) (€—€s) (2€—Em)
_ 1, RN (42)
g R.°

where €n, is the dielectric constant of the matrix, €. is the dielectric function of the core,

&s is the dielectric functions of the shell materials, g is the volume fraction of the shell

layer, Ry is the radius of the core and Rz is the radius of the total particle.

According to Equations 4.1 and 4.2, the plasmon band gradually shift to the longer
wavelength (red-shift) as the seed volume is decreased, suggesting the formation of
bimetallic core shell nanoparticles with larger diameter (Yang et al., 2008). From the UV-
Vis absorbance spectra, it was observed that the SPR band gradually shifted to higher
wavelengths region as the seed volume decreased, signifying the formation of bimetallic
Au-Ag nanoparticles with relatively larger diameters. The optical properties of the Au-

Ag NPs exhibited a plasmon resonance at 450 nm and 435 nm which corresponded to
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particles that are mostly in Ag character. Generally, it is known that Ag NPs have plasmon

absorbance at about 400 nm (Chen et al., 2002).
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Figure 4.3: UV-Vis absorption spectra for Au-Ag nanoparticles
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4.3 Morphological and Physical Size Studies

4.3.1 Transmission Electron Microscopy (TEM) Analysis

TEM was utilized to investigate the size and morphology of the resulting Au, Ag
and Au-Ag nanoparticles. The TEM analysis of the nanoparticles were performed at

scales of 100 nm.

The mean diameter of Au NPs was around 24.0£2.7 nm. The Au nanoparticles
synthesized by citrate thermal reduction method are monodispersed with spherical shape
and broad size distribution. The TEM micrograph of the gold nanoparticles can be seen

in Figure 4.4.

The mean diameter of the Ag nanoparticles is about 27.5+4.0 nm. The size is
larger than the gold nanoparticles. Figures 4.6-4.7 shows a typical TEM image of the Ag
NPs with its corresponding size distribution histogram. The TEM analysis shows that the

Ag NPs are more polydispersed in appearance.

Figures 4.8 and 4.10 demonstrate the TEM images of bimetallic Au-Ag NPs at
different volume of Au seeds. TEM images of the NPs revealed that most of the bimetallic
Au-Ag NPs were about spherical in shape and well dispersed. The mean diameter of the
bimetallic Au-Ag NPs is approximately 75.24+5.3 nm and 55.2+6.0 nm, corresponding to
2.0 ml and 5.0 ml of Au seed, respectively. The mean diameter of bimetallic Au-Ag NPs
is larger than pure Au and Ag NPs, indicating that the gold nanoparticles are mixed by
silver (Yang et al., 2008). The TEM is a well-known method to confirm the bimetallic
structures of nanoparticles between gold and silver due to the contrast difference caused

by the atomic number Z of gold and silver (79 for Au; 47 for Ag) (Zhang et al., 2011).
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From the mean diameter values of Au-Ag NPs, particle size for 2.0 ml Au seed was larger

than the 5.0 ml Au seed which is in good agreement with the UV-vis results.

Figure 4.4: TEM image of Au nanoparticles
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Figure 4.5: Particle size distribution of Au nanoparticles
55



Figure 4.6: TEM image of Ag nanoparticles
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Figure 4.7: Particle size distribution of Ag NPs
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Figure 4.8: TEM image of Au-Ag NPs with 2.0 ml Au seeds volume
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Figure 4.9: Particle size distribution of Au-Ag NPs with 2.0 ml Au seeds volume
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Figure 4.10: TEM image of Au-Ag NPs with 5.0 ml Au seeds volume
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Figure 4.11: Particle size distribution of Au-Ag NPs with 5.0 ml Au seeds volume
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4.3.2 Electron Dispersive X-ray Spectroscopy (EDS) Analysis

The EDS spectra of Au, Ag and bimetallic Au-Ag NPs were shown in Figures
4.12-4.15. The EDS of nanoparticles are from bright field-scanning transmission electron
microscopy (BF-STEM) images. From the images, the nanoparticles are spherical in
shape. The EDS was done to confirm the presence of Au and Ag element at selected
points in the solution. The sample testing were performed by drop-casting onto the copper

grids and dried a vacuum desiccator.

Figure 4.12 confirms the presence of Au together with the trace peaks for C and
Cu in the solution. The peak of Au element occurs at 0.4, 2.1 and 8.5 keV. The signals of

C and Cu from the copper grid.

Figure 4.13 depicts the elements present in the Ag nanoparticles. The Ag element
present in the Ag nanoparticles. The peak of Ag occurs at 0.3 and 3.0 keV. The signals of

C and Cu could have arisen from the copper grid.

The EDS spectra of Au-Ag nanoparticles with different volume of Au seeds are
depicted in Figures 4.14-4.15 show the presence of Au, Ag, C and Cu elements. The
spectrum of 2.0 ml Au seeds shows peaks corresponding to Au at 2.0, 9.5 and 11.5 keV
while the peak at 3.2 keV was attributed to Ag. Meanwhile, 5.0 ml of Au NPs seed
spectrum shows Au and Ag peaks at 2.0 and 3.0 keV, respectively. The EDS results
confirmed the presence of Au and Ag elements in the bimetallic NPs. The presence of
carbon and copper peaks in the spectrum was due to the copper grid used. The intensity
of peaks of Au and Ag elements in the Au-Ag nanoparticles depend on the selected points
during the EDS measurements. This was the indication of the quality of the bimetallic

nanoparticles in terms of their homogeneity.
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Figure 4.13: EDS spectra of Ag NPs
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Figure 4.15: EDS spectra of Au-Ag NPs at 5.0 ml Au seeds volume
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4.3.3 Zeta Potential Analysis

The zeta potential values of Au, Ag and bimetallic Au-Ag nanoparticles of
different volume of Au seed are represented in Table 4.1. While, the electro-kinetic
parameters of Au, Ag and Au-Ag NPs are shown in Figure 4.16. The zeta potential for
nanoparticles have negative values. The negative zeta potential value revealed that the Au
NPs and bimetallic Au-Ag NPs possess moderate stability (Jana et al., 2001). The zeta
potential of gold and silver nanoparticles relies on the surface modification. The Au and
Ag NPs were prepared by sodium citrate and has a negative value of -39.2 mV and -50.4
mV, respectively. This is due to the charge stabilization through the electrostatic
interaction between the Au and Ag NPs with citrate ions (Banerjee et al., 2011; Guarnizo
et al., 2015). The negative value is also due to the presence of surface adsorbed and free
citrate ions in their aqueous suspension. Meanwhile, the zeta potentials of the bimetallic
Au-Ag NPs were -31.5 mV and -20.9 mV for 2.0 ml and 5.0 ml Au seed, respectively.
These values are associated with the stability of the nanoparticles; which could be related
to the agglomeration phenomenon. In addition, there is less agglomeration at higher zeta
potential values which causes the nanoparticles to grow larger (Valdez & Gomez, 2016).
The aggregation in aqueous solution is due to the surface hydrophobicity which causes
eventual loss of catalytic activity (Yang et al., 2006). In this case, sodium citrate was used

to prevent the particle aggregation during the synthesis process of nanoparticles.

The citrate-capped Au NPs and Ag NPs are probably stabilized by the steric
repulsions due to the presence of coordinated or adsorbed citrates along with the dangling
citrate species, which are not in direct contact with the metal surfaces of Au and Ag NPs.
Then, the intermolecular interactions occur between the absorbed citrate and dangling
citrate anions through the COOH hydrogen bonds and citrate multilayers are formed on

the nanoparticles surface. As a result, the steric repulsion between the citrate layers is
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present on the adjacent nanoparticles, and helps to stabilize the nanoparticle dispersion in

solution (Monga & Pal, 2015).

Table 4.1: Particle size and zeta potential for Au NPs, Ag NPs and bimetallic Au-Ag

NPs
Sample Particle Size (nm) Zeta Potential (mV)
Au NPs 24127 -39.2
Ag NPs 275240 -50.4
Au-Ag NPs (2.0 ml Au seed) 75.2+53 -31.5
Au-Ag NPs (5.0 ml Au seed) 55.2+6.0 -20.9
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Figure 4.16: Electro-kinetic parameters of Au, Ag and Au-Ag nanoparticles
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4.3.4 High Resolution Transmission Electron Microscopy (HRTEM) Analysis

Figures 4.17 (a, b) and 4.14 illustrate the HRTEM images of the Au-Ag bimetallic
NPs. A significant change in the contrast between the dark and lighter region indicated
the formation of the bimetallic Au-Ag NPs. Figure 4.18 shows a 0.20 nm lattice spacing
which was indexed to the (200) plane of face-centered cubic (FCC) of silver
(Krishnamurthy et al., 2014), whereas the measured lattice spacing of 0.23 nm matching

well with the (111) planes of FCC gold (Banerjee et al., 2011; Monga & Pal, 2015).

(b)

B8 00/nm! 4100/ nm!

Figure 4.17: HRTEM images of Au-Ag bimetallic NPs for different volume of Au seed

(@) 2.0 ml, (b) 5.0 ml
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Figure 4.18: HRTEM images of lattice spacing of Au-Ag NPs

4.3.5 High Angle Annular Dark Field Scanning Transmission Electron Microscopy

(HAADF-STEM) Analysis

The HAADF-STEM images of the bimetallic Au-Ag NPs at magnification 100 and
200 nm were obtained in Figures 4.19-4.20 and 4.22-4.23 showing a contrast between Au
and Ag elements, which dominated by Rutherford scattering (Esparza et al., 2017). Since
the signal in HAADF-STEM mode depends on the atomic number of the elements, the
strong brightness corresponding to the Au (heavy element) and the low brightness refer
to the Ag (lighter element). Difference caused by the atomic number (Z) of gold and silver

(79 for Au; 47 for Ag) (Zhang et al., 2011). The image in Figures 4.21 and 4.24 clearly
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shows the elemental distribution of the Au and Ag in the bimetallic nanoparticles.
According to the EDS mapping as shown in Figures 4.21 (a, b) and 4.24 (a, b), the
presence of Au signal (yellow) and Ag signal (turquoise) in the bimetallic Au-Ag NPs

were indicated.

Figure 4.19: HAADF-STEM image of 2.0 ml Au seeds of Au-Ag NPs at magnification

100 nm
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Figure 4.20: HAADF-STEM image of 2.0 ml Au seeds of Au-Ag NPs at magnification

200 nm

Figure 4.21: Elementals mapping (a) Au and (b) Ag in the 2.0 ml Au seeds of Au-Ag

NPs
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Figure 4.22: HAADF-STEM images of 5.0 ml Au seeds of Au-Ag NPs at

magnification 100 nm
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Figure 4.23: HAADF-STEM images of 5.0 ml Au seeds of Au-Ag NPs at

magnification 200 nm

Figure 4.24: Elementals mapping (a) Au and (b) Ag in the 2.0 ml Au seeds of Au-Ag

NPs
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4.4 Structural Studies

4.4.1 X-Ray Diffraction (XRD) Analysis

Figure 4.25 demonstrates the XRD patterns of Au, Ag and bimetallic Au-Ag NPs
at different volume of Au seeds. The synthesized Au nanoparticles show four diffraction
peaks (Figure 4.25 (a)) at 20 values of 38.13°, 44.54°, 64.67° and 77.69° which
corresponds to the (111), (200), (220) and (311) planes of a face centered cubic (FCC)
gold lattice (JCPDS File No. 03-065-8601) (Ahmad et al., 2015; Krishnamurthy et al.,
2014). The XRD pattern of Ag nanoparticles shows peaks (Figure 4.25 (b)) at (111),
(200), (220), and (311) planes with the Bragg’s reflection at 20 = 37.95°, 44.39°, 64.37°
and 77.48° respectively. The maximum peak of Ag nanoparticles is centered at 26 =
37.95°, which represented from face centered cubic (FCC) silver (JCPDS File No. 00-

001-1167) (Ahmad et al., 2015).

Meanwhile, Figure 4.25 (c, d) show the XRD pattern of bimetallic Au-Ag NPs
for 2.0 ml Au seed shows peaks at (111), (200), (220), and (311) planes for 26 = 38.05°,
44.30°, 64.50° and 77.34°, respectively. Also, the XRD pattern of Au-Ag NPs for 5.0 ml
Au seed shows intense peaks at angle of 38.12°, 44.40°, 64.17° and 77.38° corresponding
to (111), (200), (220) and (311) planes, respectively (JCPDS File No. 03-065-8424) (Liu
et al., 2015). The monometallic Au NPs and bimetallic Au-Ag NPs have the same XRD
patterns because gold and silver have almost similar lattice constant (Monga & Pal 2015;

Rodriguez-Gonzalez et al., 2005; Zeng et al., 2015).
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Based on Figure 4.25, the broadness of XRD peaks of Au nanoparticles are much
broader as compared to Ag nanoparticles. It was suggesting a smaller size distribution for
Au nanoparticles (Ahmad et al., 2015). While, the bimetallic Au-Ag nanoparticles with
2.0 ml Au seeds volume have narrower peaks ((Figure 4.25 (c)) as compare to 5.0 ml Au
seeds volume ((Figure 4.25 (d)), signifying a bigger size distribution for bimetallic Au-
Ag nanoparticles with 2.0 ml Au seeds volume relative to 5.0 ml Au seeds volume. This

pattern is also supported by the result obtained from TEM as in Figures 4.4-4.11.
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Figure 4.25: XRD patterns of (a) Au NPs, (b) Ag NPs, and Au-Ag NPs with (c) 2.0 ml

Au seed, (d) 5.0 ml Au seed
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4.5 Catalytic Studies

Figure 4.26 (a) illustrates the catalytic reactions with the 4-NP with the presence of
Au NPs. The reaction mechanism can be explained by the inherent hydrogen adsorption
by Au NPs which transported the hydrogen between NaBH4 and 4-NP. The hydrogen
comes from the NaBH4 reduces water. In brief, this behavior could be explained since Au
NPs adsorb hydrogen from NaBH4 and efficiently release it during the reduction reaction.

Hence, Au NPs act as a hydrogen carrier in this reduction reaction (Huang et al., 2007).

(2) NO2 NH2
O AuNps

OH OH

Figure 4.26: Schematic illustration of the catalytic experiments of 4-NP with (a) Au

nanoparticles (Luo et al., 2014)

Figure 4.26 (b), the schematic illustration of reduction of 4-nitrophenol to 4-aminophenol
by NaBHg in the presence of Ag NPs. First, borohydride ions are adsorbed on the surface
of synthesized Ag NPs and provide them the electrons. Simultaneously, 4-nitrophenol
molecules are adsorbed on the surface of Ag NPs and reduced by these electrons. Then,
the produced 4-aminophenol is desorbed from Ag NPs. The reduction potential of Ag

NPs is lowered and the surface is exposed to the presence of the borohydride ions, which

72



is strong nucleophile. However, a backward reduction of this oxide layer owing to the
NaBHjs activates the Ag surface. Subsequently, the BH4™ and 4-nitrophenolate ions co-
adsorb on the surface of Ag NPs. Ag NPs relay the electrons from BH4™ ions (donor) to
the 4-nitrophenolate (acceptor) to catalyze the reaction. Thus the oxide layer on the
surface gives adverse effect to the catalytic properties of the Ag NPs (Khoshnamvand et

al., 2019).

(b) NO2 NH2
Ag NPs

NaBH4

OH OH

Figure 4.26: Schematic illustration of the catalytic experiments of 4-NP with (b) Ag

nanoparticles (Luo et al., 2014)

Based on the Figure 4.26 (c), a possible catalytic mechanism of bimetallic Au-Ag NPs
towards the reduction of 4-NP in the presence of NaBHa. First, 4-NP in water reacts with
NaBHs generating an intermediate 4-nitrophenolate ion. Subsequently, the 4-
nitrophenolate ions are absorbed by Au-Ag NPs with amino groups. Then, the BH4™ ions
supply electrons to the Au-Ag NPs catalyst and thereby allow the 4-nitrophenolate ions
absorbed on the Au-Ag NPs to take electrons at their leisure to generate 4-AP. In the case
of the higher catalytic activity exhibited by the Au-Ag NPs, on the one hand, this may be

related to the alloy structure of the Au-Ag NPs. Ag has a lower work function than Au.
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Therefore, the electrons provided by BH4™ ions can leave Ag into Au, which ends up with
an electron-enriched Au region. The existence of these surplus electrons added inside the
Au enables the uptake of electrons by 4-nitrophenolate ions that happen to be close to
these regions. On the other hand, the enhanced catalytic reduction of 4-NP by Au-Ag NPs
may be due to high adsorption ability towards 4-nitrophenolate ions. Thus increasing the
chances for Au-Ag to transfer electrons to 4-nitrophenolate ions and improving the
catalytic rate (Fu et al., 2018). During the reduction process, Au-Ag NPs could play two
important roles. Au-Ag NPs provided plentiful surface active sites, which promoted
NaBHy4 hydrolysis following the generation of a large amount of hydrogen (Equation 4.3).
Then, these abundant hydrogen accelerated the rate of 4-NP hydrogenation reaction
(Equation 4.4). In addition, the formation of by-products could be prevented because of

the strong adsorption of nitro group (-NOz) to Au-Ag NPs surface (Sun et al., 2018).

Au-Ag NPs
BH, + 2H20 — BOz_ + 4H2 (43)

Hydrogenation
HO - C6H4 - NO, + 3H, = HO - C¢H4 - NH; + 2H,0 (4.4)

(©) NO2 NH2
@ Au-AgNPs

OH OH

Figure 4.26: Schematic illustration of the catalytic experiments of 4-NP with (c) Au-Ag

nanoparticles (Luo et al., 2014)
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In a neutral or acidic medium, the 4-NP solution showed a strong absorption peak
at 317 nm (Figure 4.27) (Dong et al., 2012; Zelekew & Kuo 2016; Zhang et al., 2007).
The addition of NaBH4 deprotonated the OH group of 4-NP and formed 4-nitrophenolate
ion appearing at 400 nm in the UV-vis spectrum (Sharma et al., 2017). The color of the
4-NP solution changed from light yellow to bright yellow immediately due to the 4-
nitrophenolate ion formation (Krishnamurthy et al., 2014; Zelekew & Kuo 2016). The
reduction of 4-NP does not occur without the presence of a catalyst (Jana et al., 2001;
Dong et al., 2012). The thermodynamically favorable reduction of 4-NP to 4-AP (Eo=
—0.76 V vs. NHE) and H3BO3/BH4™ = (Eo = —1.33 V vs. NHE) produced large potential
difference with negative free energy (Hong et al., 2016). However, the presence of a large
energy between the mutually repelling negative ions of 4-NP and BH4~ was responsible
for the slow kinetics of the reaction (Dong et al., 2012; Hong et al., 2016). Alternatively,
an introduction to Au-Ag NPs can absorb negative ions and able to act as electronic relay
systems to transfer electrons donated by borohydride ions to the nitro groups of 4-NP,
which is expected to lower the kinetic barrier and thus catalyze the reduction (Chen et al.,

2014).
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Figure 4.27: Absorption spectra of 4-NP without reducing agent

Metallic nanoparticles are known to catalyze the reduction reaction by facilitating
the electron transfer process from the donor BH4™ to the 4-NP acceptor (Sharma et al.,
2017). With the addition of 0.2 ml catalyst to the reaction mixture containing 3.0 ml 4-
NP and 0.5 ml NaBHg4, the absorption peak at 400 nm gradually decreased with time with
the simultaneous appearance of a new peak at 300 nm attributed to the 4-AP formation
(Dong et al., 2012). The UV-vis spectra also showed an isosbestic point at 317 nm,
indicating the reduction of 4-NP to 4-AP without any by-product formation (Huo et al.,
2013). The progress of the reduction reactions was monitored by measuring the
absorption spectrum of 4-NP and 4-AP as a function of time by applying different
catalysts such as Au, Ag and Au-Ag NPs. In the control reduction experiments, only a
slight change in the absorption intensity was observed at 400 nm for 4-NP in the absence

of a catalyst after 11 minutes, as shown in Figure 4.28 (a). The spectra indicated that the
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4-NP was not reduced by the NaBH4 and the mixture remains yellow (Krishnamurthy et
al., 2014). In contrast, when Au, Ag and Au-Ag nanoparticles were used as the catalysts,
the absorption intensity at 400 nm decreased and a new peak appeared at 300 nm
attributed to the 4-AP formation (Krishnamurthy et al., 2014; Zelekew and Kuo 2016).
The reduction reaction was also visible through color change where; bleaching of the

yellow color, indicating complete reduction of 4-NP (Huo et al., 2013).

The catalytic activity of the reduction of 4-nitrophenol using Au is faster than the
Ag nanoparticles. The catalytic studies were performed using Ag NPs (k = 0.21 min™),
which exhibited lower catalytic rates relative to Au NPs (k = 0.36 min™). Figure 4.28 (b)
shows that the total time taken for the Au nanocatalyst to reduce 4-NP to 4-AP is 14
minutes shorter than the Ag NPs. While the Ag NPs takes 16 minutes to complete the
reduction reaction as shown in Figure 4.28 (c). This is attributed to the relatively larger
nanoparticle size and the possible oxidation of the silver nanoparticles. In addition, the
surface area of Au NPs is 1.65 times higher than the Ag NPs. The reduction potential of
Ag NPs is lowered and the surface is exposed to the presence of the borohydride ions
(BH4"), which is strong nucleophile. However, a backward reduction of this oxide layer
due to the NaBHj4 activates the Ag surface. Subsequently, the BH4™ and 4-nitrophenolate
ions co-adsorb on the surface of Ag nanoparticles. Silver nanoparticles relay the electrons
from BH4™ ions (donor) to the 4-nitrophenolate (acceptor) to catalyze the reaction. Thus
the oxide layer on the surface gives adverse effect to the catalytic properties of the Ag

NPs (Gangula et al., 2011).
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It was noted that the reduction reaction rate of bimetallic Au-Ag NPs was faster
compared to monometallic Au and Ag NPs. Haldar et al., (2014) reported that the
catalytic activity of Au-Ag bimetallic NPs is much higher than those associated with the
pure Au NPs. These results can be explained by the following factors. First, the improved
reduction rates were ascribed to the synergistic effect between the Au and the Ag
(Krishnamurthy et al., 2014). The synergistic effect was produced due to strong electronic
communication which stimulate the electron transfer from Ag to Au. This happen owing
to the difference in electronegativity of Au (2.4 eV) and Ag (1.9 eV) respectively, that
make the integration of Au with Ag in bimetallic Au-Ag NPs (Sareen et al., 2018).
Electrons could transfer from Ag to Au owing to the synergistic effect that produced,
leading to an increase in the electron density on the surface of the bimetallic Au-Ag NPs
and then improving the catalytic activity (Xia et al., 2013). Second, the effect from the
interactions between the two metals (Xia et al., 2013). The comparison between two types
of bimetallic nanoparticles (2.0 and 5.0 ml Au seeds volumes) reduction rates indicated
the practical role of the size and composition effect, as it influenced the time needed for
the completion of the reduction reaction. Holden et al., (2014) also stated the catalytic
properties of bimetallic nanoparticles can be influenced by their size and composition.
The present role of the particle size may also due to the change in the surface area of the
smaller size NPs as compared to the bulky sized NPs. It is a well-known fact that the
surface area increases with a corresponding decrease in the NPs particle sizes (Dong et
al., 2012; Kalantari et al., 2017). The increased surface area of the smaller sized NPs
contributed to the excellent catalytic activity (Dong et al., 2012; Kalantari et al., 2017).
The surface area of 5.0 ml Au seed volume of Au-Ag NPs was 1.3 times higher as
compared to the 2.0 ml Au seed volume Au-Ag NPs (Appendix B). The improved surface
area was the reason behind the improved catalytic performance of the 5.0 ml Au seed

volume of Au-Ag NPs. The reduction reaction completed in 5 minutes and 8 minutes for
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the 5.0 ml and 2.0 ml Au seed volumes of the Au-Ag NPs; respectively as shown in

Figures 4.

28 (d) and (e), respectively.
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Figure 4.28: Absorption spectra of 4-NP reduced by (a) NaBH4 only
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Figure 4.28: Absorption spectra of 4-NP with NaBH4 in the presence of (b) Au NPs
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Figure 4.28: Absorption spectra of 4-NP with NaBH4 in the presence of (¢c) Ag NPs
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Figure 4.28: Absorption spectra of 4-NP with NaBHj4 in the presence of (d) 2.0 ml Au

seeds volume of Au-Ag NPs
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The catalytic performance of catalysts highly depends on shape of the catalyst. This
is due to the different coordination numbers of atoms on surface. For catalyst with a face-
centred cubic (FCC) lattice, the coordination number of atoms on (111), (100) and (110)
surfaces is 9, 8 and 7, respectively (Cao et al., 2016; Zhang et al., 2016). There are three
main surface structure of a shape controlled nanoparticles for a metal catalyst with a face-
centred cubic (FCC) lattice which are (110), (100) and (111). Based on Figure 4.29 (a-c),
these three surfaces are differ in terms of electron density, coordination number, distance
between adjacent atoms and surface adsorption energy of a molecule. The main difference
among them is surface coverage in terms of occupancy by atoms of the topmost layer.
Noticeably, the so-called surface occupancy of surface metal atoms for a FCC
crystallographic structure conforms to the following order: (111) > (100) > (110) (Figure
4.29 a-c). This may cause large differences in adsorption energy or activation barrier for
dissociation of a reactant molecule because the repulsion of adjacent adsorbates (reactant
molecules or their dissociated species) strongly depends on coverage of adsorbate and
also the coverage of adsorbates mostly relies on surface-dependent occupancy of the
metal atom of the topmost layer. As a result, the structural differences among different
crystallographic surfaces influence dissociation, adsorption and interaction of
intermediate adsorbates in a catalytic activity. As shown XRD result in Figure 4.25, the
structure of NPs was FCC structure have intense peak at (111). Since the Au, Ag and Au-
Ag NPs have FCC structure with (111) plane which is good surface occupancy of surface

metal atoms and suitable for catalytic activity.
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Figure 4.29: Schematic surfaces of a metal in face-centered cubic (FCC) (a) (111), (b)

(100) and (c) (110) (Cao et al., 2016).

The concentration of BH4™ used in the system was much higher than the 4-NP, it
was reasonable to assume that the concentration of borohydride ions was constant
throughout the reduction reaction. A pseudo first-order Kinetics fits the catalytic reduction
rate (Dong et al., 2012; Krishnamurthy et al., 2014; Zelekew & Kuo 2016; Zhang et al.,
2007). A linear correlation of In (Ao/At) with time was observed where At and Ao is the
absorbance at specific intervals and the initial absorbance of 4-nitrophenolate ion,
respectively (Krishnamurthy et al., 2014; Sharma et al., 2017; Zelekew & Kuo 2016;
Zhang et al., 2007). The rate constants for each system were measured from the slope of
the In (Ao/As) vs. time graph as shown in Figure 4.30 (a)-(e). The values of the chemical
reduction rates were calculated to be 0.02, 0.36, 0.21, 0.52 and 0.62 min* for NaBHsa,
Au, Ag, 2.0 ml and 5.0 ml Au seed volumes Au-Ag NPs, respectively as summarized in
Table 4.2. Among all the catalysts, the 5.0 ml Au seed volume Au-Ag NPs catalyst
demonstrated the fastest reduction rate, thus higher catalytic activity for the reduction of
4-NP at room temperature. These experimental phenomena demonstrated that the

bimetallic Au-Ag NPs had a better catalytic activity for the reduction of 4-NP.
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Figure 4.30: Plot of In (Ao/Ay) versus time for the determination of rate constants of 4-

NP with NaBHa in the presence (d) 2.0 ml Au seeds volume of Au-Ag NPs
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Table 4.2 shows the summary of the rate constants of the reduction 4-NP using

Au, Ag and Au-Agna nanocatalysts, which shown the result of different size and

composition. It can see clearly that the reduction of 4-NP can be influenced by the size

and composition of nanoparticles.

Table 4.2: Summary of the catalytic reduction of 4-NP by Au, Ag and Au-Ag catalysts

Catalvsts Shape of Reducing Rate Constant  Time Particle
y NPs Agents (min™?) (min)  Size (nm)
Au NPs Spherical NaBH4 0.36 14 24.1
Ag NPs Spherical NaBH4 0.21 16 27.5
Au-Ag NPs (2.0 ]
Spherical NaBH4 0.52 8 75.2
ml Au seeds)
Au-Ag NPs (5.0 _
Spherical NaBH4 0.62 5 55.2

ml Au seeds)
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CHAPTER FIVE

CONCLUSION

5.1 Conclusion

The Au and Ag NPs were synthesized using the citrate thermal reduction method.
The bimetallic Au-Ag NPs was successfully prepared by a seeding colloid technique with
different diameter. The Au, Ag and Au-Ag NPs gives different sizes from TEM analysis,
whichare 24.1£2.7,27.5+4.0nm, 75.2 £ 5.3 (2.0 ml Au seeds) and 55.2 + 6.0 nm (5.0
ml Au seeds), respectively. The bimetallic NPs have better catalytic activity for the
reduction of 4-NP as compared to monometallic NPs. This is due to synergistic effect
between different elements. The bimetallic NPs with smaller diameter has higher
reduction rate than the largest diameter Au-Ag NPs due to the larger surface area. From
the UV-vis absorbance spectra, it could be observed that the SPR band is gradually red-
shifted as the seed volume is decreased, suggesting the formation of Au-Ag nanoparticles
with large diameter. The UV-vis result also proves that the size of the Au-Ag NPs
increases as the volume of the Au seed decreases. The monometallic Au NPs need shorter
time to reduce the 4-nitrophenols compared to the Ag NPs due to the possible oxidation

of Ag NPs.

In conclusion, the study revealed that the catalytic performance of the reduction

4-NP to 4-AP was remarkably improved by controlling the composition of the bimetallic

Au-Ag NPs.
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5.2 Future Recommendations

The reduction of nitrophenols using bimetallic Au-Ag nanoparticles with different
diameter exhibits different catalytic rates of reduction which could be further investigated
by using diameter less than 55.2 nm. Since, the 5.0 ml Au seeds with diameter 55.2 nm
exhibit the highest catalytic activity. Thus, the diameter of the bimetallic nanoparticles

could be less than 55.2 nm to get optimum reduction rate of 4-NP to 4-AP.

The effect of the composition of bimetallic Au-Ag nanoparticles on the reduction
rate of 4-NP may be further investigated via seed colloid technique. The bimetallic Au-
Ag nanoparticles with 5.0 ml Au seed shows the highest rate of reduction through this
work. As suggestion, the synthesized Au-Ag nanoparticles could be more than 5.0 ml Au
seeds volume. For instance, the volume of the Au seeds could be 6.0 ml or more, in order

to obtain the optimum result for the reduction of 4-NP to 4-AP.
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