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ABSTRACT

Bimetallic nanoparticles that are made up of two metal elements in a particle exhibit much
higher catalytic activity than monometallic ones because of new bi-functional or synergistic
effects, so called a ligand and/or an ensemble effect. In this work, a novel homogeneous as
well as heterogeneous Au-Ag bimetallic nanocatalyst have been synthesized, supported on
layer double hydroxide (LDH) by a simple wet chemical process. The support of LDH has
reduced the size as well as capped the bimetallic nanoparticles and hence prevents the
agglomeration. The surface morphology and chemical composition of these bimetallic
nanoparticles were examined by scanning electron microscopy, transmission electron
microscopy, X-ray diffraction, and X-ray photoelectron spectroscopy. It was found that
alloyed Au—Ag bimetallic nanoparticles (40-60 nm) are formed. Moreover, catalytic activity
for 4-nitrophenol reduction was probed for this as synthesized Au-Ag bimetallic
nanoparticles with a variety of compositions. The highest activity was seen for the Au-Ag
nanoparticles prepared with Au-Ag ratio at 1:3 and the activity became 10 to 45 times higher
than the original monometallic Au or Ag nanoparticles. The rate kinetics was studied for both
homogeneous and heterogeneous system on the reduction of 4-nitrophenol and observed that
the rate of reduction was greater in case of homogenous catalysts as compared to
heterogeneous catalysts. Also, the heterogeneous catalysts were effortlessly recovered and

reused (up to 5 cycles) after completion of the reaction.
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CHAPTER 1: INTRODUCTION

1.1 Catalysts

Catalyst is a material which alters the rate of a chemical reaction. These materials are
not consumed in the course of reaction and stay the same. Catalyst assists a chemical reaction
by lowering the activation energy of the reactants to produce desired products. In general,
catalytic action can be seen as a chemical reaction between the catalyst and the reactant, that
form intermediates which react more readily with each other or with other reactant, to form
the required product. During the course of reaction between the intermediates and reactants,
catalyst is regenerated. The modes of reactions between the catalysts and the reactants vary
widely. The typical examples of these reactions include the acid-base reactions, redox
reactions, formation of coordination complexes, and formation of free radicals. In case of
solid catalysts, the mechanism of reaction is strongly influenced by surface enhanced

properties and electronic/crystal structures.

Reaction without catalyst

- - - - Reaction with catalyst

Energy

Reaction path

Fig. 1. Schematic representation energy of activation in a chemical reaction with and

without a catalyst.



The catalysts are majorly divided into two categories:
» Homogeneous catalysts

> Heterogeneous catalysts

1.1.1 Heterogeneous Catalysts

Heterogeneous catalysis refers to the form of catalysis where both the catalyst and
reactants are in the different phase. Catalyst is normally in solid phase and it assists reaction
by temporary bonding atoms to its surface, which allows their internal bonds to break more
rapidly. Such catalysts are widely used in industry. The example includes the use of finely
divided platinum to catalyze the reaction of carbon monoxide with oxygen to form carbon

dioxide.

1.1.2 Homogeneous Catalysts

Homogeneous catalysis refers to a form of catalysis in which both the catalyst and
reactants are in same phase. In most of the industry processes, homogenous catalysts are
replaced by heterogeneous due to their ease of separation, regeneration and reusability.
Enzymes are the perfect example of homogeneous catalyst. Homogeneous catalysts are
known for their high selectivity and conversion whereas heterogeneous catalysts are known

for their ease of separation, regeneration and reusability.

Fig. 2: The figure contains samples showing a) heterogeneous catalyst and b)
homogeneous catalyst.



1.1.3 Why Catalysts?

In recent years, environmentally benign chemical synthesis and methodologies have
received much attention from scientists, because they are essential for conservation of global
ecosystem. In the present era, most of the chemical industry processes are dependent on
catalyst as it is well said “they are the backbone of chemical industry.” Most of the chemical
processes in food, pharmaceuticals, automobiles, fertilizers and petrochemical industries
mainly depend on catalyst. Hence the design and development for catalyst for the conversion
of raw materials into value added chemicals has become a major area of research in industry
and academia. Considering the catalytic viewpoint, it is essential to decrease the size of bulk
material particle from several micrometres to nanometres so that there is an increase in its

surface area.

1.1.4 How Catalyst Works?

The catalyst works by providing an alternative surface which enables a different
pathway for the chemical reaction to occur. The particle which has to react attaches itself on
the surface of catalyst and collides more often with each other. Most of the collisions result in
the reaction because the catalyst provides a different route that has lower activation energy. A
catalyst is mostly used as a fine powder because it has a bigger surface area available for the

reaction to take place. This has been illustrated in the figure below.

Reactant 2

Non-Catalytic Energy Barrier

Potential Energy

°9

Catalyst Catalyst
Catalyst reacts with 2nd reaction released
’ R1 with

R2

Fig. 3: The mechanism followed by the catalyst during course of reaction.
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1.2 Bimetallic Compounds

Bimetallic compounds with a nano-size (1-100 nm) have been the subject of
significant scientific interest as efficient catalyst with vastly improved activity and selectivity
compared to their monometallic counterparts [1-4]. Among various metals, the coinage
metals (Cu, Ag and Au) nanoparticles (NP’s) have drawn much attention due to their unique
optical, electronic and catalytic properties [5].Au and Ag NP’s have attracted significant
attention because of their unique physical and chemical properties, and their applications in
photonics [6], catalysis [7], information storage [8], chemical and biological sensing [9, 10]
and surface enhance Raman scattering (SERS) [11]. Au NP’s have been extensively studied
because of their high resistance to oxidation, facile synthesis, surface plasmon effect (SPR)
and have much catalytic application such as hydrogenation of nitro aromatic compound and

carbon-carbon bond formation [12].
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Fig 4: Pictorial representation for alteration of charge

1.2.1 Advantage of Bimetallic Over Monometallic Compounds

The incorporation of another metal Ag to Au results in active site isolation which
leads to alteration of electronic structure of Au via chemical bonding and due to this high
catalytic activity was seen [13]. The physiochemical properties of plasmonic metal NP’s
improve considerably by introduction of second metal [5, 13]. In the previous years, much
progress has been made in the synthesis of bimetallic NP’s following a variety of synthetic
strategies, including co-reduction, galvanic replacement, thermal decomposition,
photochemical, successive reduction, and electrochemical deposition methods. They can

adopt either core-shell or alloy structures depending upon the synthetic approach followed.



The site isolation of the active metal in these structures, affords geometric and electronic
changes directed toward noticeable enhancement in activity, selectivity, and stability during
catalysis [14].The source of the synergistic effect that exists among two metals is still not
fully understood but it is thought to originate due to formation of alloy that leads to electronic
(ligand) and geometric (ensemble) effects resulting in enhanced catalytic activity in the
reduction reaction. The electronic and geometric modifications can be accomplished by
altering the bimetallic structure, surface composition, particle size, and its distribution, all of
which are dependent on the procedures followed for preparation and post activation
treatments [15].

1.2.2 Influence of Size

Literature reveals that a particle of size 30 nm has 5% of its atoms on the surface, 10
nm has 20%, and 20 nm has 50% exposed surface atoms which can efficiently participate in a

chemical reaction as shown in Scheme below.

(b)

— §0S

Increase in per Particle Surface Area
Scheme 1.1. Quantum Size Effect.
5




It shows that when a bulk material is subdivided into individual NP’s; the total
volume remains constant, but the surface area increase and hence, intends to show a profound
effect on catalytic performances. Therefore, the smaller particles are found to be more active
because of the large number of surface active atoms available for catalysis. The catalytic
activity of metal NP’s was reported to increase with decreasing particle size in case of nitro-

aromatic reduction.

1.3 Layered Double Hydroxide (LDH)

The NP’s with such minute size tends to aggregate and hence reduce their surface
area; as a result of this agglomeration their catalytic activity may get significantly deteriorate.
These NP’s could be effectively stabilized by the appropriate supports that hold their high
surface area and activity of catalyst [16]. Among these support materials, Layered double
hydroxide (LDH) is one of the most widely used supports and is gardening importance due to
its intercalation properties. The support of LDH will further reduce the size of NP’s and

hence prevent the agglomeration of NP’s.

e M2* or M3* cation o OH- anion

Fig. 5: A pictorial representation of Layered Double Hydroxide.



LDH is composed of cationic brucite-like layers [M?*1x M3*x (OH)2]x" in which some
of M?* is replaced by M3* and the anions and sometimes the water molecules are also present
in between the brucite-like layers that balances the positive charge [17].The NP’s are
supported on this LDH to increase its chemical reactivity. The homogeneous catalyst is

supported on homogeneous LDH and heterogeneous catalyst on heterogeneous LDH.

1.4 Why Nitro- Phenol Reduction?

To have a concrete knowledge about size-specific catalysis, some reaction is chosen
and performed. Here, the model reaction selected is reduction of 4-nitrophenol (4-NP) to 4-
aminophenol (4-AP), because making of many analgesic and antipyretic drugs, such as
paracetamol, etc, needs 4-AP as a potent intermediate [18]. It is also used enormously as a
developer in photographic plates, inhibitor of corrosion, anticorrosion-lubricant, and hair-
dyeing agent [19, 20]. Water pollution by phenol and phenolic compounds is of great concern
and nitro-phenols are the most intractable pollutants that occur in industrial wastewater.
More particularly, nitro-phenol and its derivates result from the production processes of
pesticides, insecticides and synthetic dyes that contribute immensely in increasing the
pollution [21]. So, this study becomes much more important from the environmental point of
view. There is a great demand of aromatic amino compounds industrially, so this reaction is
important from academic as well as industrial point of view. Thus, being a common
antecedent material for 4-AP, a newer and cheaper method for hydrogenation of 4-NP is

always in demand.

NaBH, -Q{
1) | ace _

L

4-Nitrophenol

Ag-Au alloyed Reduction

Fig. 6: Schematic representation of conversion of nitro-phenol to aminophenol.
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The conventional methods for hydrogenation of 4-NP involves iron/ acid as a
reducing agent which has certain limitations such as metal oxide in huge amount are
produced as sludge of these reactions. In current years, the reduction of 4-NP to 4-AP by
NaBH4 in aqueous solution is becoming important because it can be monitored easily with
high precision by UV-Vis spectroscopy. This is due to the fact that 4-NP has a strong
absorption at 400 nm and the decay of this peak can be measure precisely as the function of
time [22].

In the present study, alloyed Au-Ag bimetallic NP’s impregnated on LDH were
synthesized to study the comparative reduction of NP’s relative to their monometallic NP’s
using NaBH4 as a reducing agent. Also we have tried to probe the differences in catalytic
activity of homogeneous and heterogeneous catalyst. This work has allowed us to draw clear
conclusions regarding the effect of concentration of reactant, catalyst, reducing agent on the

rate constant of the reaction.

1.5 Methodology

The synthesis of NP’s basically follows two main approaches. These include:
» Top-down approach
» Bottom-up approach

Top-dewn approach Bottom-up approach
"T'-'h-._\
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Fig. 7: The figure depicts the two famous approaches for the formation of nanoparticles.



1.5.1 Top-Down Approach

This top down approach to synthesize NP’s include cutting down of the bulk material
to get the desired NP’s. These approaches use larger (macroscopic) initial structures, which
can be externally-controlled in the processing of nanostructures. Typical examples are

etching through the mask, ball milling, and application of severe plastic deformation.

1.5.2 Bottom-Up Approach

These approaches include the miniaturization of materials components (up to atomic
level) with further self-assembly process leading to the formation. During self-assembly the
physical forces operating at nanoscale are used to combine basic units into larger stable
structures. Typical examples are quantum dot formation during epitaxial growth and

formation of nanoparticles from colloidal dispersion.

1.6 Catalytic Reaction

The 4-NP reduction using NaBH4 was studied to probe the catalytic activity of both
the heterogeneous and homogenous catalysts. The reaction was studied in a quartz cuvette.
2.77 mL water was taken with 30 puL (102 M) of 4-NP and 200 pL of freshly prepared
NaBHz (102 M). Thus the final concentration of 4-NPwas reached to 10“ M and that of
NaBH,4 became 6.67 x 10 M. At this time, the 4-NP was transformed into 4-nitrophenolate
anion. To the mixture 20 puL/1 mg of catalyst is added and immediately after addition the
spectra was taken and a noticeable increase in peak of 4-AP was seen at ~300 nm. A gradual
change in the colour of solution from yellow to colourless was observed in the reaction. In a
same pattern, the study was conceded out for different catalyst by changing ratio of Au and
Ag.

1.7 Catalyst Characterisation

Various instrumental techniques have been used to characterize the NP’s to get an
plan about their size, shape, morphology, surface area, physicochemical properties, etc.
which are described below.

1.7.1 UV-Vis Spectrophotometer

UV-Vis spectroscopy is a technigue used to enumerate the light that is absorbed and
scattered by the sample. Coinage metal NP’s possess the optical properties that depend on its
morphology, refractive index and the concentration that makes it an important method for the

identification and characterization of these nanomaterials. The NP’s strongly interact with a

9



specific wavelength of light which results in the promotion of an eto a higher energy level
and hence, an absorption peak. The analysis was done by taking ~2.5 mL colloidal NP

solution in a quartz cuvette within the range of 190-700 nm.

1.7.2 Diffuse Reflectance Spectrophotometer (DRS)

Diffuse reflectance spectrophotometer (DRS) was used to determine the
reflectance/absorption of as prepared monometallic and alloy Ag-Au@LDH NP’s in the UV-
Vis region. The sample (2-5 mg) was taken in a vial and the light source probe was placed
over the sample to record its absorbance/ reflectance spectra by using BaSOa4 as a reference.

1.7.3 Dynamic Light Scattering (DLYS)

Dynamic light scattering (DLS) is a technique used to determine the hydrodynamic
size of NP’s dissolved in suspension or solution. The particle size distribution was
determined by using a Brookhaven 90 plus Particle Size Analyzer by taking 2.5-3 mL of
dispersed NP’s solution in a cuvette. The Brownian motion of small particles in suspension
causes the laser light to be scattered at different intensities. By measuring the time scale of
these light intensity fluctuations, DLS can yield information regarding the average size or
size distribution of particles in solution.

1.7.4 Zeta Potential Measurement

When the NP’s are suspended in an aqueous medium, the adsorption or ionization of
ions takes place on the NP’s surface, which leads to the formation of an electrical double
layer resulting in the development of net charge, called zeta potential (z). Therefore, zeta
potential is an important tool for understanding the state of NP’s surface and also predicts the
long term stability of the NP’s. The measurements were carried out at 25 °C using a cuvette
comprising a palladium electrode mounted on a machine support immersed in 1.5-2 mL of
NP solution.. Zeta potential of the catalyst was analysed using Zetasizer Nano (Malvern-
ZEN-1690).

1.7.5 Energy Dispersive X-Ray Spectroscopy (EDS)

Energy Dispersive X-ray (EDS) Spectroscopy was used for the elemental analysis or
chemical composition of the selected points or areas of the sample qualitatively and semi
quantitatively. This technique was used as an attachment on scanning electron microscopy
(SEM) or transmission electron microscopy (TEM) and utilizes the high-energy e- that are

ejected by an elastic collision of an incident e- with sample’s atom nucleus and are referred to

10



as back scattered e-. The yield of backscattered is in proportional to the atomic number of an
element and therefore, the sample composition, elements and compounds, and their relative
ratios in the area of one micrometre in diameter are determined using this technique. This
EDX analysis was carried on JEOL JSM-6510LB.

1.7.6 Transmission Electron Microscopy (TEM)

It is used to identify finest structural details of individual particles and their statistical
size and shape distribution in the samples. In this technique, a beam of e- is transmitted
through the sample and due to this interaction an image is formed, then magnified and
focused onto an imaging device. TEM images of the catalysts were obtained using a Technai-
12, FEI Netherlands at an accelerating voltage of 120 kV. The specimens were made by
dispersing the samples in methanol using an ultrasonic bath and evaporating a drop of
resultant suspension onto the carbon-coated copper grid.

1.7.7 X-Ray Photoelectron Spectroscopy (XPS)

XPS was used to study the chemical composition and oxidation state of catalyst
surfaces. The XPS spectra of the catalysts were measured using XPS spectrometer (KRATOS
Axis 165, Shimadzu, UK) with Mg K, radiation 1253.6 eV at 75 W. The gold 4f and silver
3d core-level spectra were recorded and the corresponding binding energies referenced to the
C 1s line at 284.6 eV (accuracy within 0.2 eV). The background pressure during the data
acquisition was kept below 107 torr.

1.7.8 X-Ray Diffraction (XRD)
The chemical composition of the catalyst was investigated using X-Ray diffraction
technique at a scanning rate of 2 °/min from 26 = 5° to 80°with Co Ka radiation on a Bruker

Diffractometer

1.7.9 Nitrogen Sorption Analysis

Nitrogen adsorption and desorption isotherms at 77 K were performed to calculate the
surface area of the catalysts after pre-treatment at 523 K for about 2 h by using BEL-minill,
Microtrac Corp. Pvt. Ltd. Pore size distribution were calculated though BJH model from N>

desorption isotherms.
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CHAPTER-2: LITERATURE REVIEW

The use of catalyst is becoming increasingly popular because of its ease with which it

increases the rate of reaction. Earlier only a single metal were used as catalyst to carry the
reaction. With further advancements, it was found that the addition of another metal causes
alteration of charge on the surface which greatly increases the rate of reaction and hence they
become more popular. The addition of support to NP’s prevented its agglomeration and
reduced its size considerably. The further reduction in size lead to increase in the surface area
due to which more surface was available for the reaction to occur. So, the addition of support
was found to be helpful and is becoming increasingly popular now-a-days.
BM NP’s with controlled morphologies and composition has exhibited superior properties
and broader applications in comparison to their monometallic counterparts. In recent years,
the research towards the variety of BM NP’s with diverse combinations of metals and
morphologies has been developing and reported. Despite this fast progress in the exploration
of BM NP’s, challenges still remain in the following direction-

The synergistic electronic effect at the interface of the two metals in BM NP’s
enhances its catalytic efficacy. As a result, they have the potential that exhibit higher catalytic
activity and other functionalities by continual tuning through the different combinations of
metal elements and the composition of the constituents. Therefore, how the nature of metals
and shape affect the reactivity and selectivity during the catalytic process is an emerging field
of research.

The studies for alloyed Au-Ag bimetallic NP’s supported by LDH was taken into
consideration because many reports are found which use merely Au or Ag monometallic
NP’s to reduce the nitro-phenol compounds, but very few studies are reported for Au-Ag
alloy NP’s supported on LDH. In one of the reports, Jianping et al. has reported the synthesis
of graphene oxide decorated Au—Ag bimetallic alloy by a two-step method which exhibits
superior catalytic performance for the reduction of 4-nitrophenol (4-NP) [23]. Pozun et al.
reported the 4-NP reduction using bimetallic dendrimer encapsulated nanoparticles (Pt/Cu,
Pd/Cu, Pd/Au and Au/Cu)[24]. Also Zhang et al. systematically studied the reduction of 4-
NP by using Au decorated ceria nanotubes[25]. But there is no report for the synthesis of

homogeneous/heterogeneous Au—Ag bimetallic NP’s on LDH support. Also there are only
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few reports available for the comparison of bimetallic NP’s in heterogeneous and

homogeneous catalysis reaction.

Table 1: Comparison table of the previous studies done.

Catalyst Concentration Catalyst Catalytic Reaction Reference
of NP loading efficiency/rate time
constant
AgNP’s 104 M 3.5377 x 17.04 x103s 1 500 [26]
10°5gL™? seconds
Au/SiO2 0.005 M 5mg 98 % 20 minutes [22]
Au,Ag, Pd 50 uM 8ml,5uM 0.0027 mint 200 [27]

(Au), 0.0558 min-  seconds
1 (Ag),0.9993

min™(Pd)
PGMA@PAH@AuU 0.1 mM 5.4241 102 1.4 x10%s 1 82 seconds [28]
NP’s moles
Platinum 1mM 5 mM 7x10% st 300 [29]
nanoparticles seconds

stabilized by guar

gum

In comparison with other published works, the as synthesized Au-Ag bimetallic alloy
NP’s supported on LDH showed a high rate for conversion of 4-NP to 4-AP (Table 1). The
origin of the intrinsic activity is from the intimate interaction between Au and Ag after
formation of Au-Ag alloy NP’s. Therefore, it could be considered that as synthesized Au-Ag
bimetallic NP’s (homogeneous and heterogeneous) could be employed as alternative catalysts

for the conversion of 4-NP to 4-AP at room temperature.
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Keeping in view the above points, the following objectives have been designed:

(i) Preparation of bimetallic alloys of coinage metals (Au and Ag).

(it) Optimization of optical properties, structural and morphological parameters (i.e., zeta
potential, and particle size distribution as a function of nature of metal.

(iii) Study of the effect of catalyst on the reduction of nitro-phenols.

(iv) Study the Kkinetics of the reduction reaction.

The motivation for the present work is to try to combine two metals forming an alloy
and further supporting it to enhance its catalytic activity. The wet chemical synthesis

approach of co-reduction was followed.

Thus, in this thesis the next work after the synthesis of various homogeneous and
heterogeneous catalysts was to see its activity for the reduction of 4-NP.Our work aims to
study the effect of catalyst on the reduction, the variation of reducing agent and the

concentration of reactant.
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CHAPTER 3: MATERIALS& METHODOLOGY

This chapter deals with the materials and methodology used during the research work
done in the lab which includes chemicals and various instruments used such as BET, UV-VIS

etc.

3.1 Materials Used

3.1.1 Apparatus
Beakers (50ml and 250 ml), micro pipette, measuring cylinder, filter paper, glass rod,
magnetic beads, reagent bottles ,Petri plates, Elisa plate, tips, falcon tubes, spatula, crucible

and magnetic stirrer for the preparation solution.

3.1.2 Reagents and Chemicals Used

All the chemicals used were commercially certified reagents and used without further
purifications. Aurochloric acid (HAuCls.3H20), silver nitrate (AgNO3), sodium borohydride
(NaBH4) and trisodium citrate (NasCesHsO7) were obtained from Loba Chemie, India.
Magnesium chloride hexahydrate (MgCl..6H20), aluminium chloride anhydrous (AICls) and

4-nitrophenol were obtained from Spectrochem Chemicals.

3.2 Co-Precipitation Method

3.2.1 Preparation of Homogeneous/ Heterogeneous LDH

The homogeneous LDH was synthesized by co-precipitation method and then was
treated hydrothermally at 100° C. To prepare LDH, MgCl2.6H20 (30 mmol) and AICls (10
mmol) were added together in 100 mL water resulting in a mixed salt solution. This mixed
salt solution was quickly added to 400 mL of NaOH solution (0.15 M) with vigorous stirring
for 10-30 min. The LDH so formed was centrifuged and the slurry obtained was washed with
deionised water. This aqueous suspension was then transferred into a stainless steel autoclave
with a Teflon lining. The autoclave was then placed in a preheated oven followed by
hydrothermal treatment at 100" C for 12 h. In case of heterogeneous LDH the slurry so
obtained was dried at 80° C for 10 h and a solid powder LDH is obtained.
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* MgCl,.6H,0 (30 mmol) and AICI; (10 mmol) were added together in 100 )

mL water
* The mixed salt solution was quickly added to 400 mL of NaOH solution
Step1 (0.15 M) with vigorous stirring for 10-30 min. )
~

» The LDH so formed was centrifuged and the slurry obtained was washed
with deionised water.

Heterogeneouy « |t js dried to obtain Heterogeneous LDH.
LDH )

» Thisaqueous suspension was then transferred into a stainless steel
autoclave with a Teflon lining.
Homogeneous| * Theautoclave was then placed in a preheated oven followed by
LDH hydrothermal treatment at 100° C for 12 h.

Fig. 8: The flow chart describing the steps involved in the formation of LDH.

|
dropwise add q&f’ ,!. é .'

Homogeneous LDH

/ Hydrothermal

treatment
(12 hrs, 100=C)

4 s He’rerogeneous LDH

Centrifuged & dried at

Fig 9: Diagram representing the formation of LDH.
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3.3 Co-Reduction

This is a relatively simple method that involves the simultaneous reduction of the
metal ions in their atomic form in the presence of suitable stabilizer giving rise to alloy BM
NP’s as shown in Fig. For example, BM Au-Ag alloy NP’s were prepared by the co-

reduction of Au**and Ag* metals in the presence of sodium citrate.

4 )
Reducing _ o M, =metal 1

M + M

agent

() M,** = metal 2
Alloy Bimetallic NCs

o /

Fig. 10: Schematic representation showing the formation of Alloy Bimetallic

nanocomposites via co-reduction method.

3.3.1 Preparation of Homogeneous Au-Ag@LDH NP’s

The homogeneous Au-Ag bimetallic NP’s supported by LDH were prepared by
mixing 5 mL of as-prepared homogenous LDH solution in 50 mL of water with varying
amount of HAuCI, (102 M) and AgNO3 (10 M) solution. The mixture was stirred for 12 h.
After 12 h, trisodium citrate was added directly to the solution and was heated at 100" C for
4-5 h. The colour of the solution changed which confirm the formation of bimetallic NP’s.

The detailed amount of salt solution with the molar ratio of Au: Ag is given in Table-2.

3.3.2 Preparation of Heterogeneous Au-Ag@LDH NP’s

The heterogeneous Au-Ag bimetallic NP’s supported by LDH were prepared by
mixing 1 g of as prepared heterogeneous LDH in 50 mL water with varying amount of
AgNO; (102 M) and HAUCI4 (102 M). The mixture was stirred vigorously for 12 h. After the
vigorous stirring, trisodium citrate was added directly to the solution and the solution was
heated at 100" C for 4-5 h. When the colour of the solution is changed, the catalyst is
centrifuged, washed with deionised water and dried at 80° C for 10 h. The detail amount of

salt solution with the molar ratio of Au: Ag is given in Table-2.
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Table 2: Summary of synthesis of various homogeneous and heterogeneous catalysts.

Volume of Volume of Amount of

Molar Type LDH HAUCI4 AgNOs Trisodium
ratio of (ml/mg)  (10°2M) (102 M) Citrate
Ag:Au (uL) (uL) added(mg)
AgiAus 1:3 Homogeneous 5ml 2.25 0.75 40
AgzAuL 31 Homogeneous 5ml 0.75 2.25 40
AgiAus 1:5 Homogeneous 5ml 3.75 0.75 60
AgsAuz 5:1 Homogeneous 5ml 0.75 3.75 60
Ag 1 Homogeneous 5ml - 1.5 10
Au 1 Homogeneous 5ml 1.5 - 10
AgiAu1 11 Heterogeneous 1gm 0.75 0.75 10
AgiAus 1:3 Heterogeneous 1gm 2.25 0.75 40
AgzAui 31 Heterogeneous 1gm 0.75 2.25 40
AgiAus 1:5 Heterogeneous 1gm 3.75 0.75 60
AgsAui 51 Heterogeneous 1gm 0.75 3.75 60
Ag 1 Heterogeneous 1gm - 15 10
Au 1 Heterogeneous lgm 15 - 10
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Graphical representation for the synthesis of catalysts.

Homogeneous LDH
H.'\“CIJ
AgNO,
TSC, A
AR,
“hoektd : Homogeneous catalysts
MgCly.6H,0 i Adrotherm:l treatment
4 — ‘Ws 100°C, 12 hrs
NaOH |, 'r-. ':. .‘ -
A YRR,
Layered Double Hydroxide H"\:Cl‘
(LDH) (N ) |

ﬁ\l |
E‘jl. .

B hm A AN

JUUE T

Heterogeneous catalysts
Heterogeneous LDH

Scheme 2: The schematic representation of the synthesis of homogeneous as well as

heterogeneous catalysts.
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CHAPTER 4: RESULTS AND DISCUSSION

The Au@LDH NP’s, Ag@LDH NP’s and alloyed Ag-Au@LDH catalysts were
prepared by co-reduction process. This chapter deals with the resultant change in their surface
structural morphology and various physicochemical properties including catalytic activity as
investigated by different characterization techniques described below. It also includes the

kinetic study performed to see the changes.

4.1 Optical Properties of Au-Ag@LDH NP’s

4.1.1 UV-Visible Spectroscopy

2.0
(a) Homogeneous Catalysts ——Au1Ag; (b) ‘ Heterogeneous Catalysts ‘ ——Au1Agq
—— A”lAgl 0.6 4 —o—AusAgp
154\ —— AusAgy —4—AuAg3
AucA
—A—AulAg5 ’5 —*— AU5AJL
—— AucA S 04
5791 3
10+ —_— Ag %
Au 9o
S
o
n
9 02
051 <
0.0 T T T T 0.0 T T T
300 400 500 600 700 400 600 800 1000
Wavelength (nm) Wavelength (nm)

Fig. 11: UV-Visible spectra of different (a) homogenous catalysts and (b) heterogeneous
catalysts with different Au-Ag ratio.

The pre-synthesized LDH were used as the seed for the deposition of Au and Ag, to
form bimetallic NP’s. Besides, the surface plasmon resonance (SPR) effect, metal NP’s
exhibits the combined oscillation of surface electrons and absorbs the visible light. The
absorption band of Au NP’s was positioned at 528 nm and that of Ag NP’s are positioned at

417 nm [30, 31]. When Ag and Au are mixed together to form an bimetallic alloy NP’s, there
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Intensity (a.u.)

is a blue shift from the position of Au and red shift from the position of Ag. This observation
is analogues to the formation of Au-Ag bimetallic alloyed structure. For AuiAgithe Amax at
489 nm is observed but if the molar ratio of Au increases, the peak is red shifted (for AusAgs,
Amax at 523 nm) whereas with the increase of Ag molar ratio peak is blue shifted (for AuiAgs,
Amax at 415 nm) (Fig. 9a). Similar results are seen for heterogeneous catalysts as analysed
from DRS (Fig. 9b).

4.2 Structural and Morphological Properties

4.2.1 X-Ray Dispersion (XRD)
The XRD of the synthesized catalyst was done in order to see the composition and

planes. Fig. 10 shows the X-Ray analysis of LDH and Ag-Au loaded LDH nanocomposites.

(003) (a) ‘ Heterogeneous Catalysts ‘

W\.M/w

Intensity (a.u.)

# Au
~LDH

AuAg,

~ g g - =
(006) g S % E N S - Au Ag,
= Py 2 g )
A #8 #
* A )
(009)(015) s
| (018) (110);,(113)
Au,Ag,
10 2‘0 3‘0 4‘0 5‘0 6‘0 7‘0 80 10 2‘0 3‘0 4‘0 5‘0 6‘0 7‘0
26 (degrees) 20 (degrees)

Fig.12: XRD pattern of (a) bare LDH and (b) heterogeneous Au-Ag-LDH supported

catalyst.

The reflection pattern of LDH resembles with that of hydrotalcite like layered
structured materials having peak positions at 26 = 11.60°, 23.34°, 34.81°, 39.45°, 46.64°,
60.82°, 62.34°, 75.14° which correspond to (003) , (006) , (009) , (015), (018), (110) and
(113) planes (JCPDS No. 01-089-0460, Fig. 10 (a). But after incorporating bimetallic Ag-Au
nanoparticles on LDH, broad reflection peaks were observed for both Au and Ag NP’s
resulting in nanocomposites. Peaks related to Au NP’s were found at 26=38.15°, 64.67 °and
76.4 ° indexed to (111) and (220) and (311) planes (JCPDS N0.03-065-2870). Similarly,
peaks of Ag NP’s are positioned at 26= 35.88° and 47.31°, related to (111) and (200) planes
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(JCPDS No. 01-087-0598). The crystallite size of Au and Ag NP’s was calculated using
Debye-Scherrer equation 0.9 A/Bcos©. The crystallite size of Au NP’s was found to be 2.26
nm and that of Ag NP’s 11.1 nm.

4.2.2 Dynamic Light Scattering

4.2.2.1 Zeta Potential (§)

When NP’s are dispersed in an aqueous solution, there is adsorption or surface
ionization of cations or anions, which results in the formation of electrical double layer
leading to the development of new surface charge measured by Zeta potential ({). DLS was
also done to analyse the zeta potential developed as a result of electrical double layer formed
at the particle surface and support. The value of the zeta potential indicates the probable
behaviour of the dispersion. Particles which have zeta potential between — 30mV to +30 mV
shows the tendency to the coagulate [32]. Since the values for as synthesized homogeneous
catalysts are greater than -30 mV (Table-3) so the particles are well dispersed and are stable

in the homogeneous medium.

Table 3: Summary of Zeta potential of homogeneous catalysts.

Sample Name Zeta Potential (mV)

AgiAu; -31.4
AgiAUz -30.8
AgsAu; -31.9
AgiAUs -38.1
AgsAu -41.1

Au -39.5

Ag -35.3
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4.2.2.2 Particle Size Distribution

The addition of second metal to first may lead to the change in the particle size of
bare NP’s. Therefore, the measurement of hydrodynamic size distribution of different BM
NP’s dispersed in water was carried out where; the samples were lighted with 635 nm solid
state laser ranged between 15 to 150 mW. The scattered light was detected at an angle of 90-
with an avalanche photodiode detector.

25
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Fig. 13: The figure shows the DLS particle size distribution curves for the homogeneous
samples.

It was seen that the average hydrodynamic diameter of Au-Ag@LDH alloyed NP’s,
upon addition of Au® to the Ag" exhibited decrease in particle diameter signifying the
successful formation of alloyed NP’s. The hydrodynamic size was found to be highest for Ag
(824 nm). As the amount of Au added is increased, the hydrodynamic size goes on decreasing
and is found to be lowest for AusAg: (184 nm). The observed hydrodynamic diameter was
found to be greater than the TEM size due to the adherence of the hydration layer on the NP’s
surface while estimating the size by DLS. The NP’s in liquid undergoes a random Brownian

motion which fluctuate the scattered light of the DLS with respect to time intensity.
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4.3 Transmission Electron Microscopy

Transmission electron microscope is one of the influential techniques to examine the
particle size of metal NP’s on catalytic support. The Au-Ag bimetallic NP’s supported by
LDH was found to be spherical in shape and uniformly dispersed (Fig. 12). The spherical
particles are observed due to charge separation and distribute evenly on the surface of a
spherical particle (uniformity of electron density on the surface). The addition of Ag and Au
together in the presence of trisodium citrate leads to homogenous mixture of alloy NP’s (Fig.
12) and give rise to formation of alloyed structure of NP’s. The mean diameter of Au-Ag
NP’s is found to be 50-60 nm for heterogeneous catalyst (Fig. 12b) and 40-50 nm for
homogeneous catalyst (Fig. 12a). Fig. 12(d) shows the size distribution of the catalyst which
was calculated manually by taking into deliberation the mean of 15-20 particles from the
TEM image.

&0 0
Paruice sxenm)

Fig. 14: TEM images of (a) LDH (b) homogeneous AuiAgicatalyst (c) heterogeneous

AuiAgicatalyst and (d) particle size distribution chart.
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4.4 Scanning Electron Microscope

SEM analysis was performed to gain information about the particle morphologies.

o

2 3 R

ull Scale 3839 cts Cursor: 0.000

Fig. 15: (a) SEM micrographs (b) EDS pattern of AuiAg: LDH supported catalyst.

Further, EDS with elemental mapping was used to confirm the bimetallic structure
and the distribution of Au/Ag nanoparticles (Fig. 14). Fig. 14 shows that the atoms of Au and
Ag have a homogeneous distribution pattern. Analysing the mapping of the sample, the Ag
and Au NP’s were positioned at the same place showing the formation of bimetallic structure.
Also, the disoriented distribution shows the formation of alloy where the silver and gold

particles are randomly distributed.

Mg

Fig. 16: Colour Mapping of AuiAgi LDH supported catalyst.

............
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Energy Dispersive X-ray (EDS) Spectroscopy was used for the elemental analysis or
chemical composition of the selected points or areas of the sample qualitatively and semi-
quantitatively. This technique was used as an attachment on scanning electron microscopy
(SEM) or transmission electron microscopy (TEM) and utilizes the high-energy e- that are
ejected by an elastic collision of an incident e- with sample’s atom nucleus and are referred to
as backscattered e-. The yield of backscattered is in proportional to the atomic number of an
element and therefore, the sample composition, elements and compounds, and their relative
ratios in the area of one micrometre in diameter are determined using this technique. This
EDX analysis was carried on JEOL JSM-6510LB.

4.5 X-Ray Photoelectron Spectroscopy (XPS) Analysis

The XPS spectrum shows peaks corresponding to aluminium, magnesium, oxygen,
gold and silver (Fig. 15). Aluminium, magnesium and oxygen were the main elements found
in LDH structure. The spectrum of gold shows binding energy of Au 4f7 at 84.0 and Au 4fs,
at 87.7 eV, which are different from Au* 4f7> (84.6 eV) and Au* 4f7, (87.0 eV) [33].
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Fig. 17: XPS spectra of (a) AuiAgi LDH supported catalyst (b) Oxygen (c) Gold (d)

Silver.
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This suggests that the gold species are in the elemental state and these binding energy
values correspond to the metallic gold particles. The spectrum of Ag shows the binding
energy of Ag 3ds. at 369 eV and that of Ag 3ds2 at 365.8 eV which confirms the elemental
state of Ag as well [34]. These results further confirm that the Au and Ag NP’s on the surface

of LDH support are in zero valence state.

4.6 Nitrogen Sorption Analysis (BET)

Table-4presents theN> adsorption/desorption isotherms for Au-Ag catalysts, which
reveal their important structural characters. All the catalysts showed adsorption type-1V
isotherm with H1 type hysteresis loop on relative pressure (p/po = 0.5-0.9), which indicates
the uniform filling of the pores (Fig. 16). The surface area is found to be highest (71.4
m?/gm) for AusAg: heterogeneous catalyst which results the best reduction of 4-NP. Pore size
distribution curves which are obtained from desorption branch of nitrogen isotherm via BJH
(Barrett-Joyner-Halenda) method are summarized in Table-2.1t can be observed that the host
LDH has a mean pore diameter of ~ 23 nm and surface area of 35.4 m?/gm. But upon loading

of bimetallic NP’s the surface area increases as well as pore diameter decreases.

Table 4: Summary of BET analysis of homogeneous and heterogeneous catalysts.

Sample Name Surface Area Total Pore Mean Pore Diameter
(m?/gm) Volume( cm®/g) (nm)
Au1Ag: 37.6 0.082 8.72
AuszAg: 71.4 0.15 8.47
Au1AQs 26.3 0.063 10.23
AusAg: 56.61 0.940 8.56
Au1Ags 21.4 0.042 10.89
Ag 38.61 0.125 8.86
Au 46.3 0.10 7.50
LDH 40.55 0.209 22.44
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Fig. 18: BET curves of the various heterogeneous samples with different Au-Ag ratio.

4.7 Catalytic Reduction of 4-Nitrophenol

The kinetics of 4-NP reduction in presence of bimetallic NP’s was studies by using
UV-Vis spectroscopy. Since the concentration of bimetallic NP’s in the system is quite low,
the measurement of absorption spectra of 4-NP and reaction product of 4-AP was not
disturbed by the light scattering due to the catalyst carrier particles in the solution. The
successive decrease of peak intensity at 400 nm can be attributed to determine the rate
constant (Fig. 17). The peak at 400 nm is due to the intermediate formed i.e. nitrophenolate
ion in the course of reaction [35]. Aqueous solution of 4-NP shows absorption peak at 317
nm [36]. When the freshly prepared reducing agent (NaBH.) is added the peak is shifted to
400 nm showing the formation of nitrophenolate ion. This peak formed remains constant with
time and does not alter in the course of reaction which suggests that the reduction does not
proceed without catalyst. After the gradual addition of catalyst, the peak at 400 nm decreases

with time.
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Fig. 19: UV-Visible spectra for the catalytic reduction of 4-NP using NaBHz4 in presence
of AusAgi- LDH supported homogeneous catalyst.

As this stage peak at 400 nm decreases and an increase in the peak at 295 nm is seen
due to formation of 4-AP [37]. Moreover, a single point of intersection could be observed in
the UV-Vis spectra, where all the spectra intersect. This indicates that in the catalytic
reduction the conversion of 4-NP gives only product 4-AP [35]. The linear relationship
between normalized concentration (C/Co) and reaction time gives the rate of conversion of 4-
NP to 4-AP.Since the concentration of reducing agent i.e. sodium borohydride largely
exceeds the concentration of 4-NP, the reduction rate can be assumed to be independent of
borohydride concentration. So, the reaction is assumed to follow pseudo first order kinetics
[38].

All the catalyst synthesized both homogeneous and heterogeneous were used to check
the conversion of 4-NP to 4-AP. All the homogeneous catalysts perform well (with respect to
rate of reaction) than heterogeneous catalyst as evident from the kinetic rate graph. Fig. 18(a)
shows In (C/Co) vs. T plot for heterogeneous samples and Fig. 18(b) shows In (Ci/Co) vs. T

plot for homogenous samples. Observing the plot of In (C/Co) vs. time, it can be seen that
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In C/C,

there is a linear relation between these two. The rate constant is calculated from the slope of
line. Out of all the catalysts, AusAg: (for both homo- and heterogeneous catalyst) shows the
best activity which may be due to its greater surface area as seen from BET analysis. On
comparing the rate of reaction for homogeneous and heterogeneous catalysts, the rate of
reduction of nitro-phenol was greater in case in homogenous catalyst as compared to
heterogeneous because in homogenous all the reactants and catalyst are in the same phase, so
the interaction is quite easy whereas in case of heterogeneous catalyst, the catalyst and
reactants are in different phases due to which interaction is slow.

Fig. 20: Plot of In(C/Co) vs. time of different (a) homogenous catalysts and (b)
heterogeneous catalysts.

Here, attention must be paid to the fact that a delay time to was found for the catalytic
reduction in all the cases, which may be due to an activation of the catalyst in the reaction
mixtures. This is in accord with other studies of the catalysis of this reaction by metal
nanoparticles [39-43]. Moreover, a delay in time t, was found for the catalytic reductions,
which were made under air. A similar observation has been noticed by other groups also [44].
Ballauff et al. has investigated that this delay in time was attributed to the presence of oxygen
present in the system [45]. After the adding of NaBHa, the metal particles start the catalytic
reduction by relaying electrons from the donor BH4 (donor) to the acceptor 4-NP right after
the adsorption of both onto the catalyst particle surface. The excess NaBHas used, increases
the pH of the reaction medium and thus retard the degradation of borohydride ions. The
reduction of oxygen proceeds much faster than the nitro-phenols present in the system. The
reduction reaction of 4-NP only starts after all the oxygen in the system has reacted.

Therefore, the aerial oxidation of 4-AP was prevented. Again, evolution of small bubbles of
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4.5

the hydrogen gas surrounding the catalyst particles remain well distributed in the reaction
mixture during the course of the reaction and offer a favourable condition for a smooth
reaction to occur. As NaBHa is present in large excess, its consumption for the reduction of
oxygen did not alter its concentration notably. Induction period observed at the initial stages

of the reaction becomes shorter as the particle size decreases [46].

4.8 Kinetic Study

4.8.1 Effect of Catalyst Amount

After the reaction was done, the amount of catalyst was varied to probe its effect on
the reaction. Fig. 19(a) shows the plot of rate of reaction vs. amount of catalyst for
homogeneous catalyst. As expected and seen, the rate of reaction gradually increases with the
increase in the amount of catalyst. The reduction starts to take place at a faster rate and
follows a linear relationship. A similar kind of result is seen in case of heterogeneous catalyst
shown in Fig. 19(b). It was found that on increasing the amount of catalyst, the rate of

reaction increases linearly for both the homogeneous as well as heterogeneous catalyst.
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Fig. 21: Effect of catalyst concentration on rate of reaction using (a) AusAg:-LDH

supported homogenous catalyst and (b) AusAgi-LDH supported heterogeneous catalyst.
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4.8.2 Effect of NaBH4 Amount

After seeing the effect of catalyst on rate of reaction, the reaction was performed by
varying the amount of reducing agent to probe its effect on the reaction. The plot of rate of
reaction vs. amount of NaBHs is shown in Fig. 20(a) for homogeneous catalysts. As
observed, the rate of reaction gradually increases with an increase in the amount of reducing
agent. The reduction starts to take place at a faster rate and follows a linear relationship
initially but after certain amount of NaBHjs, it saturates and the rate of reaction is almost
constant. This is because with increase in reducing agent, the amount of electrons required by
4-NP remains same and hence after certain addition there is no effect on the rate of reaction.
A similar kind of result is observed in case of heterogeneous catalyst shown in Fig. 20(b). It
was found that on increasing the amount of reducing agent, the rate of reaction increases
linearly initially but then becomes constant for both the homogeneous as well as

heterogeneous catalyst.
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Fig. 22: Effect of NaBHa4 concentration on rate of reaction using (a) AusAgi1-LDH
supported homogenous catalyst and (b) AusAgi-LDH supported heterogeneous catalyst.

4.8.3 Effect of Amount of 4-NP

The reaction was also performed by varying the amount of NP to probe its effect on
the reaction. The plot of rate of reaction vs. amount of NP is demonstrated in Fig. 21(a) for
homogeneous catalyst. As observed, the rate constant gradually remains constant with an
increase in the amount of reducing agent. The rate of reaction is given by the equation:

Rate= k (reactant)!
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Following this equation, the rate of reaction increases with the increase in the amount of 4-

NP. A similar kind of result is seen in case of heterogeneous catalyst which is shown in Fig.

21 (b). It was found that on increasing the amount of 4-NP, the rate of reaction increases

linearly initially but then becomes constant for both the homogeneous as well as

heterogeneous catalyst.
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Fig. 23: Effect of concentration of NP on rate of reaction using (a) AusAg:-LDH

supported homogeneous catalyst and (b) AusAgi-LDHsupported heterogeneous

catalyst.

4.9 Reusability

T
140

Though the homogeneous catalysts are known for their high selectivity and

conversion, heterogeneous catalyst are known for their reusability. The catalyst used to

performed the catalytic reduction was washed and dried and then was made to again catalyze

the reduction. The graph for reusability of the heterogeneous catalyst is shown in Fig. 22. It

was seen that the same catalyst could be used at least for 5 times with 93% efficiency. This is

essential for industrial applications where the catalyst could be easily recycled and reused

with better efficiency.
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Fig. 24: Reusability graph of AusAg: LDH supported heterogeneous catalyst for 4-NP

reduction.
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CHAPTER 5: CONCLUSION

In the present study, homogeneous and heterogeneous Au-Ag bimetallic NP’s was
successfully synthesized on LDH support. The average diameter of homogeneous and
heterogeneous Au-Ag bimetallic NP’s on LDH is 30-50 nm. The highest catalytic activity for
homogeneous catalysts may be attributed to the synergistic effect and homogenous dispersion
of Au-Ag bimetallic NP’s on LDH surface. This is the first fruitful exploitation of its kind
where the rate kinetics was studied for both homogeneous and heterogeneous system on the
reduction of 4-nitrophenol. The new as-prepared Au-Ag bimetallic NP’s supported on LDH
are stable, efficient, eco-friendly, easy to prepare, and recyclable and thus have potential for

industrial applications.

5.1 Future Prospective
» To study the same reaction with other coinage metals.
» To study reduction of other derivates of NP with the same catalyst.
» To study the effect other supports can have on the reduction reaction.
» To fabricate core@shell NP’s of same coinage metals and study the difference in the

reduction reaction.
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