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PREFACE

Developments in the area of nanoscience and technology have
revolutionized the area of material science and also the scientific world
as a whole. It finds broad spectrum of applications in diverse
disciplines. The nano structures, materials, and devices exhibit novel
properties and functions on account of the smaller size. They possess
unique structural, optical, electrical and mechanical properties
differing from the bulk phase. The aim of nanotechnology is to
combine all the manufacturing and non-manufacturing aspects of
various scientific streams such as chemistry, biology, material science,
molecular engineering, medicine, ecotoxicology etc to fabricate

structures that can revolutionize our world.

Despite various measures adopted toward cleaner environment,
pollution is still a concern. We need to find novel methods to address
environmental hazards. Exposure to environmental pollution is one of
the main sources of health risk throughout the world. Sensing of toxic
materials such as heavy metals, dyes, peroxide etc requires
sophisticated instruments and time consuming sample pretreatment.
There is a profound urge towards the development of simple, fast yet
inexpensive sensors for the detection of toxic materials in water
bodies. Noble metal nanoparticles deserve attention in this regard as
they find application for the heavy metal detection without the help of
costly instruments. Surface enhanced Raman Spectroscopy has become
an area of intensive research as it is able to find molecules even at a

concentration of 10 up to 107,



Carbon based nanostructures are blessed with high mechanical
strength and less weight. These nanostructures are incorporated into
many industrial applications such as in chemical and semiconductor
sectors. Nanomaterials are used in medicinal purposes also. But
concerns about the safety of nanomaterials were expressed by many
researchers as it is only an emerging area and the understanding that
the nanomaterials are highly reactive species on behalf of their smaller
size. Scientists became aware of the toxicological hazards due to their
enhanced chemical, electrical and magnetic reactivity of

nanomaterials. The chapters are arranged in the following manner.

The second chapter describes the general instrumental methods
used for the characterization of the metal NPs and their networks.
Electron microscopic techniques such as Scanning Electron
Microscopy (SEM), Transmission Electron Microscopy (TEM), UV-
Visible absorption spectroscopy, diffuse reflectance spectroscopy,

XRD, FTIR etc are described.

The third discusses a simple anti-solvent method for the
controlled deposition of metal and alloy nanoparticles for plasmonic
applications. Here we discuss the preparation of two-dimensional
arrays of Au, Ag, and Au-Ag alloy nanoparticles by the controlled
deposition of Au, Ag and Au-Ag alloy nanoparticles from the colloidal
dispersions of the respective nanoparticles. These arrays have been
used for mercury sensing as well as a substrate for Surface Enhanced
Raman Spectroscopy (SERS) taking 1, 4-benzenedithiol as the model

system.



The fourth chapter deals with the application of Au, Ag, and
Au-Ag NPs for sensing Hg(II) ions. A detailed comparative study has
carried out using Au, Ag, and AuAg alloy nanoparticles of various
compositions to establish their suitability for sensing Hg (II) ions by

investigating the typical variations in the values of Apax.

The fifth chapter discusses the synthesis of Copper
nanoparticles@Graphene Oxide composite for the selective detection

of hydrogen peroxide.

The sixth chapter presents the conclusions of the results of the
investigations described in the previous chapters and presents a future

outlook of the work.
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Chapter1 Introduction

1.1. Introduction

The recent focus on the development of advanced functional
materials has been primarily due to the developments in the area of
nanoscience and technology. It has evolved as a multidisciplinary area
of research with a broad spectrum of applications in various disciplines
such as biology, medicine, agriculture, energy, electronics, healthcare,
textiles, transport, construction, cosmetics, water treatment etc. L2y
can be said that there is no area of research untouched by the
advancements in nanoscience and technology. It encompasses the
development and utilization of structures, materials, and devices in the
nanometer size regime exhibiting novel properties and functions on
account of the smaller size. The design and creation of novel
architectures in the nanometer size regime, their characterization, as
well as the development of applications using these material structures,
devices and systems form the heart of nanoscience and technology. In
general, the bulk properties of the materials undergo significant and
often tunable variations in the nanometer size range, depending on the

size of the particles. **

One can probably define nanoscience and technology as the
science, engineering, and technology concerned with the deliberate
design and construction of materials at the nanoscale, or the
manipulation of atoms or molecules on a nanometer scale, in the range
of 1-100 nm. One nanometer is a billionth of a meter, which is 107 of
a meter. With the emergence of this new area, many definitions were

put forwarded and the most accepted definition was given by the
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NASA scientists and it can be stated as follows: “the creation of
functional materials, devices, and systems through the control of
matter on the nanometer length scale (1-100nm) and exploitation of
novel phenomena and properties (physical, chemical, and biological) at
that length scale”. This also implies that nanoscience and technology
deals with materials that undergo size-dependent optical and electrical
properties which can be manipulated into engineering designs for
applications in diverse disciplines. In fact, in one of the historically
important lectures in 1958 entitled “There is plenty of room at the
Bottom”, the tremendous implications of materials and designs in the
nanoscale was perceived and presented by Nobel Laureate Richard P.
Feynman. ° He called for research in the manipulation of molecules
and materials in the nanoscale and many perceive that it was this
prophetic call that eventually led to the developments in nanoscale

science and technology.

The emergence of the detailed understanding about the
structure - both electronic as well as the multi-dimensional
architectures- led to the visualization and creation of several nanoscale
functional architectures in one-dimensional (1D), two-dimensional
(2D), or three dimensional (3D) spatial preferences and transformed
materials science completely. This led to a new vision of the design of
functional materials for applications in almost all branches of science
and engineering. Such developments threw more light on the structure-
property relationships starting from their fundamentally unique units
and slowly transforming in property while moving to the bulk

organizations. It also transformed many of the existing methods in
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materials design with wide implications for various applications in
chemistry, physics, biology, biomedical engineering, medicine,
electrical engineering, computer architecture and many other
specialized disciplines. This nanoscale revolution in materials science
also led to the development of many bottom-up synthetic strategies for
the creation of molecularly designed architectures with designed
functions based on the manipulation of atoms or molecules guided by
the fundamental principles of chemistry and physics. Many other
developments in auxiliary areas of physics and chemistry have also
helped the development of nanoscience. For example, the development
of electron microscopy greatly helped researchers in overcoming the
resolution barriers existed in imaging small scale objects. The highest
resolution possible for imaging objects was limited to A/2 where A is
the wavelength of the electromagnetic radiation. With the use of de
Broglie waves of electrons, this is far more reduced now and electron
microscopic techniques such as Transmission Electron Microscopy
(TEM) and Scanning Electron Microscopy (SEM) has made it possible

to image nanoscale materials with good resolution and contrast. ¢

With the possibility of increasing the voltage between the
electrodes, faster electrons and better resolution became possible.
Many advanced techniques such as High Resolution TEM and Field-
Emission SEM made significant improvement in imaging materials
with better accuracy. Atomic Force Microscopy enabled the scanning
of surface morphology precisely. All these developments, along with
the new vision of materials science in the nanoworld led to several

intelligent or smart materials that made significant leaps in diverse
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areas such as optics, imaging, medicine, biomedical engineering,

lasers, sensing, industrial catalysis, etc. 10

Nature is a treasure-house of many functional nanomaterials.
The self-assembled nanostructured organizations in biology such as
DNA, lipid bilayers, micellar assemblies etc., play subtle functional
roles in important biological processes. They possess several
functional roles depending up on the designed molecular architectures
suitable for the roles they have to play for the survival of various
species. For example, it is well-established that the proteins in most
species will become non-functional under high pressures. On the other
hand, most hyperthermophilic proteins in under-water species will get
denatured under ambient conditions. This is the diversity of bio-

architectures.
1.2. Inorganic Nanoparticles

Among the inorganic nanomaterials, metal and semiconductor
nanoparticles and their assemblies occupy a special place. This is due
to the size-dependant variations in their electronic and optical
properties. The self-assembled architectures of the fundamental
nanoparticles and their functionalized forms finds several applications
including optical, sensing, spectroscopic, as well as in applied
catalysis. The catalytic applications are enhanced by the high surface
area of these materials in the nanoscale. Carbon nanostructures, such
as fullerenes, nanotubes (CNTs), graphene, etc are also of great

applications in industrial area. """
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1.2.1. Nanoparticles of noble metals and their alloys

Noble metal nanoparticles and their alloys have a historic
presence in the ancient period, particularly in pottery, paintings, and
traditional medicine. Colloidal dispersions of silver and gold were used
in the medicines of ancient India and China. The historically important
“Lycurgus Cup,” in the British Museum, shows beautiful colour
displays because of the NPs of Gold-Silver alloy they contain. The
medieval European churches have colourful tinted glass walls and
windows made from gold nanoparticles in various matrices. The
thanka bhasma of India and the Aurum Potabile (drinkable gold) of the
ancient European medical systems were nothing but gold particles in
the nanometer size regimes and were thought to have medicinal action

against many diseases.

In modern day science, the first synthesis of colloidal Au NPs
goes back Michael Faraday’s method (1857) of the synthesis of stable,
aqueous dispersions of Au NP. '* Faraday described the nanoparticles
as “divided metals”, a definition still considered very relevant in
describing its material properties. He perceived that when metal is
divided into smaller and smaller units, at some stage it stops acting as a
metal, an important observation from even our present day
understanding on metal nanoparticles. He could also present a
reasonably good explanation for the colours exhibited by the metals in
the colloidal state. In 1905, Einstein suggested that the colloids behave
as big atoms and explained their movement in terms of Brownian

motion. '° Jean-Baptiste Perrin, who confirmed this view
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experimentally, was awarded the Nobel Prize in Physics in the year
1926. However, It was Gustav Mie (1908) who presented a theory for
the various beautiful colours exhibited by metal nanoparticles of
different sizes and metals. '® Gans gave a modification to this theory

later.
1.3. Importance of Nanosize

Nanomaterials are made up of a few number of atoms or
molecules, or what we call clusters. In the nanometer dimensions,
materials exhibit unique physical and chemical properties. At particle
sizes below 100 nm, the ratio of the number of atoms on the surface to
the number of atoms inside increases as demonstrated in Figure 1.1

and Figure 1.2

Decrease of surface-to-volume ratio

Figure 1.1. Schematic diagram showing the decrease in surface area
with increase in size (adapted from Sonstrom, P.; Baumer, M.
Supported colloidal nanoparticles in heterogeneous gas phase
catalysis-on the way to tailored catalysts. Phys. Chem. Chem. Phys.
2011, 13, 19270-19284.)
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It can be seen that the ratio of the number of atoms on the
surface to those in the interior increases drastically upon size
reduction. By dividing a particle into smaller units, the surface area for
a given volume of a material increases drastically. The increase in the
ratio of surface area to volume with decrease in individual particle size
is shown in Figure 1.2. If we assume that a cube is divided into eight
cubes, the surface area gets doubled as shown schematically. In the
same way, if we divide the particles many-fold into cubes of very
small dimensions, the increase in surface area can be tremendous.
Since many applications such as sensing, memory, catalysis, etc.
depend on the active surface area, one can expect significant

advantages in size reduction.

Surface area=6 m? Surface area=12 m? Surface area=18 m?

1/2m 1/3m

Figure 1.2. Diagrammatic representation of the increase in the surface
area as the individual particle size is decreased (adapted from
Rayappan, J. B. B.; Jeyaprakash, B. G. Introduction to Materials and
Classification of Low Dimensional Materials. NPTEL — Electrical &
Electronics Engineering — Semiconductor Nanodevices,).

1.3.1. Confinement Effects

As discussed in the previous sections, nanomaterials have at

least one of the dimensions in the nanometer size. When particle




Chapter1 Introduction

dimension is reduced, energy levels become discrete rather than the
continuum in the bulk. Depending on the particle sizes, the
discreteness of the energy levels increases. This is due to the quantum

confinement effects.

A
A
LS

N
§ Band Gap Band Gap Band Gap
<
= 2
B e e

Bulk Semiconductor Quantum Dot Atom

Figure 1. 3. Evolution of Discreteness in Energy levels with size
reduction (adapted from Adlim. Review: Preparations and application
of metal nanoparticles. Indo. J. Chem. 2006, 6 (1), 1-10).

Density of states (DOS) refers to the quantum mechanical
approach to determine the number of states available in a system which
is essential to understand various spectroscopic and transport
properties of materials. It is the number of states per unit energy range
and its mathematical representation is density distribution. If there are
many states available for occupation, then it is said to have a high DOS
value and vice-versa. In the case of matter at bulk state, the density of

states is continuous and for isolated systems, it becomes discrete. '’

In the case of a semiconductor material, the free motion of
carriers is limited to two, one and zero dimensions. The optical,
electronic and magnetic properties of a material were determined by

the DOS and the electronic energy levels. There is a dramatic change
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in the DOS as the particle dimensions got reduced. The topological
properties of a system also have a major role in determining the

density of states.

(a) A (b)
> >
Bulk Quantum well(2 D)
A (c) A (d)
> | | >
Quantum wire(1D) Quantum Dot(0 D)

Figure 1.4. The diagram illustrates the change in DOS with change in
size of a nanomaterial. (adapted from Dresselhaus, M. S.; Chen, G.;
Tang, M. Y.; Yang, R. G.; Lee, H.; Wang, D. Z.; Ren, Z. F;
Fleurial, J. P.; Gogna, P. New directions for low-dimensional
thermoelectric materials. Adv. Mater. 2007, 19, 1043—1053.

1.3.2. Quantum Dots (QDs):

For semiconducting nanocrystals in the 1-30nm size range, the
band gap is a few eV. Upon the application of a suitable potential, the
electron gets excited from conduction band to valence band and creates
electron-hole pairs (excitons). The electron - hole is described as Bohr-

exciton radius.
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The band gap has affixed value for the bulk materials.
However, as the size decreases, the energy levels in quantum dots
become discrete and the Bohr exciton radius (7s) alters upon the
addition or subtraction of even a single atom. Since 's is much
smaller than the size of the bulk crystal, the exciton moves freely
through the lattice. On the other hand, for quantum dots, the Bohr-
exciton and the crystal dimensions are of the same order of magnitude.
Generally, one can describe a quantum dot as a particle with size
comparable to the Bohr- exciton radius.

Conduction
band

[ cﬁ

+ hole

Band Boh- ® electron

exciton
gap radius

(e) +

(e) (e)

Valence
band

Figure 1.5. Schematic description of Bohr exciton radius (adapted
from “Quantum Dots Explained.” Evident Technologies. 2008).

For nanoclusters, the “Kubogap” becomes comparable to kT
(the thermal energy), causing change in the conducting properties of
the cluster. The breadth of a band depends on the interaction between
the individual entities. Clusters of small molecules are characterized by

weak interactions, whereas metallic clusters have somewhat strong

10



Chapter1 Introduction

neighbor interactions. This will cause greater DOS near Fermi energy
(Er) for small metal clusters, causing a reduction in the conductance of

electrons.

Metals are less affected by quantum confinement because
quantum confinement starts at the band edges than at the centre of the
band. ' Also, the metal nanoclusters (MNCs) are more sensitive to
shape than size. ' Confinement effects in different dimensions are

described in Figure 1.6.

Lxyz>Ly Nonanostructures No confinement Bulk material ‘ ] ‘
‘ v

/
Lxy>Lo>L; Twodimensional(2D) Onedimensional(ID) confinement Wells ;——/ ;

] 7
nanostructures | e—/

Ly>Lg>L;; Onedimensional(ID) Two dimensional(2D) confinement Wires
nanostructures

Lo>L.y: Zerodimensional(0D) Three dimensional(3D) confinement Dots O™
nanostructures 0" Q° @

Figure 1.6. Schematic description of the confinement effects in
different dimensions (adapted from Fundamentals of nanomaterials,
Lecture 5, Nanomaterials).

They constitute a second class of nanostructures wherein the
crystallite size is unrestricted only in one dimension. The electron-hole
movement is restricted in the other two directions. These are one-

dimensional nanostructures or nanowires and are characterized by two

11
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dimensions comparable to Bohr-Exciton radius. Metal nanowires,

carbon tubes, etc are examples for this.
1.3.3. Two-dimensional Nanostructures

For this class of materials, the motion of electron-hole pairs is
confined only in one dimension leaving the other two dimensions
unrestricted. Thin films are examples of 2D materials. Graphene also
can be considered as a typical example of a two-dimensional

nanostructure.
1.4. Optical properties of Metal and Alloy Nanoparticles

Metal nanoparticles (MNPs) have attracted much interest
among researchers in the recent years due to the important applications
in sensing, catalysis, optics, and imaging. NPs of metals such as Au,
Ag, and Cu are characterized by unique colours and have attracted
much attention in the recent years due to their potential applications in
many advanced areas of physics, chemistry, biology, and medicine.
From a fundamental perspective, these colours arise due to a
phenomenon called the Localized Surface Plasmon Resonance

(LSPR). %

It results from the resonant optical absorption in the visible
region of the electromagnetic spectrum resulting from collective
oscillation of the free electron cloud around the positively charged
particle center with respect to the oscillating electromagnetic radiation.
The observed colour is complementary to the colour absorbed. These

are usually measured using UV-Visible absorption spectroscopy and

12



Chapter1 Introduction

are characterized by the wavelength at which maximum absorption is
observed (Amax). Spherical nanoparticles of Au, Ag, and Cu in the
approximate size range of 10-50 nm are characterized by An.x around

520nm, 400nm, and 560nm, respectively.

The displacement of the electron cloud with respect to the
resonant electromagnetic radiation and the resulting surface charge

polarization are shown in Figure 1.8.

E-field Metal

sphere

N

Figure 1.7. Polarization and displacement of the electron cloud with
respect to the oscillating electric field of the electromagnetic radiation
(adapted from Reference 61).

Since the charge polarization is temporary, the Coulombic
attraction due to the positively charged nuclei will try to restore the
electron cloud to the initial position. This leads to the collective
oscillation of the electron cloud called plasmon polaritons. The term
“Plasmons” was proposed by Shopper to explain the pheneomenon.
When the incident radiation couples in phase with the natural
frequency of the plasmon, a resonant absorption of electromagnetic
radiation occurs resulting in the excitation of the electron cloud to

conduction band. !

13
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SPR can be of two types: SPP (Surface plasmon polaritons)
and LSPR (Localized surface plasmon resonance). SPP originates
from the propagating waves along a metal surface. * 2 LSPR is
observed for very small particles; smaller than the wave length of light
(or the condition is that radius should of the order of 1/100 of wave
length of light). The NPs experiences a field that is spatially constant,
quasi-static limit. Thus, it must be noted that only the dipolar
resonance of the plasmon causes the observed optical resonance. LSPR
can generate a local field enhancement of 100 — 1000 times greater
than the incident light. This is due to the confinement of the surface
plasmon to a small volume which results in an oscillating
electromagnetic field very close to the surface. This causes the
extinction coefficient to reach a maximum value at the resonance
frequency resulting in a sharp absorption band. For larger particles
quadrupole or higher resonances can occur, giving rise to multiple
absorption bands, but of relatively low intensities. The study of the
surface Plasmon absorptions from metal nanoparticles is known as

nanoplasmonics or simply, Plasmonics.

Gustav Mie (1908) provided an explanation for the color
changes displayed by spherical particles for given values of dielectric
constants. Neglecting the interparticle interactions, he applied the
Maxwell’s equation to spherical metal nanoparticles with a bulk

dielectric function g,

14



Chapter1 Introduction

For an incident radiation with intensity Iy corresponding to
wave length A and a dielectric constant g, the transmitted intensity is

given by
I=1e™"

Here, p is the extinction coefficient, which depends on the the

total number of particles N and the volume V of colloidal particles.

pu=—=C,

v t
Here N is the number of particles, V' is the volume of the
particles and C,,, is the extinction cross-section of a particle. For larger

particles,

Cext = Cabs + C

scatt

Cus and Cgy can be obtained by solving Maxwell’s equations.
According to Mie, in the case of very small particles, extinction is
mainly due to absorption. C,,, for small particles of radius R (dielectric

constant €') surrounded by a homogeneous medium (dielectric constant

€m) Was shown to be

2p3. % "
:247z Re) g,

C

; and
! A (gw +2¢, )2 +& o

w2

2]

g, =¢&,+iE,
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This expression provides not only the value of Ay, but also

the line shape of the absorption band. The maximum value of the

extinction coefficient is obtained when ¢, =—2g becomes the

condition for resonance. Thus, LSPR peak strongly depends on the
dielectric constant of the material. The dielectric constants of metals
& and & are depend strongly on frequency and with both real and
imaginary components. It is also clear from this derivation that the
magnitude of absorption is proportional to R®. Thus, in the case of
small particles, the LSPR is dominated by absorption. With increase in
the size of the particle, contributions from scattering too become

significant.

Although Mie theory could provide a good explanation for the
absorption spectra from spherical nanoparticles, it failed to explain the
spectra from non- spherical shapes such as disks or rods. Gans (1912)
modified the Mie equation to account for the nanorods sand suggested

two Plasmon absorptions for the longitudinal and transverse modes.

Gan provided the expression

1 ).
e
c :87z2R35;f {sz]

ext j 2
34 ‘ 1-P,
(8' + / EmJ "

where P; stands for the depolarization factors for the nanorod axes (a >

b=c).
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2
P b
P =P = < wherer = [1-] —| .
2 a
The SPR for nanorods has two bands. With an increase in the
aspect ratio, the separation between the ones corresponding to the
longitudinal SPR also increases. These equations are used to calculate

the extinction spectra of Au nanorods of any aspect ratio.

Alloy nanoparticles constitute a separate class. While
considering the optical properties of alloy NPs, the dielectric function

of the alloy NP needs to be considered. e =a¢g , + (1 - a)gB ;

where a is the relative volume concentration of the metal A. The
dielectric functions €4 and ep are calculated in the same way as for
single MNPs. With further advancement in the area several physicists
and chemists have attempted to give better descriptions of the surface

plasmon band.
1.5. Chemical Properties
1.5.1. Catalytic activity:

As stated previously, nanomaterials are characterized by high
surface area to volume ratio. In a catalyzed reaction, the catalyst
usually reacts with the reactant to form a temporary intermediate

which then regenerates the original catalyst in a cyclic process.
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Increase in the amount of catalyst concentration increases the rate of a
chemical reaction. But in the case of nanomaterials as catalysts, the
large surface area provides increased adsorption of reactant molecules
on to the surface, resulting in a higher catalytic activity without

increasing the catalyst concentration.

The catalytic activity is further enhanced by the greater number
of active sites exposed to the surroundings. As the size gets reduced
further, there is dramatic increase in the effective surface area
accelerating the rate of a chemical reaction. Hence small MNPs are
better catalysts. Gold in the bulk state is catalytically inactive, but
when the dimensions got reduced to the nanoscale, it is found to be an
excellent catalyst for many chemical reactions. Haruta et al. reported
the application of gold clusters as catalysts. >* Metal nanomaterials are
used as such or can be supported on suitable porous template
structures to enhance its catalytic ability. Commonly used templates
for this purpose are porous structures (macro-, meso-, micro- or
combinations), with well defined pore sizes to allow specific
adsorption of reactants. Porous gold nanoparticles and supported
mesoporous materials are excellent for catalytic applications as the

catalytic activity is dependent upon the surface area. =

MNPs supported on porous structures of metal oxides are good
catalysts for photochemical reactions. Several metal oxide possess
suitable band gap to be excited by UV or Visible light, and the redox
potentials can promote a series of oxidative or reductive reactions.

Titanium dioxide (Ti0O;) is widely being used in solar cells and as a

18



Chapter1 Introduction

catalyst in several photoreactions due to its favorable optical and
electrical properties, chemical stability, non—toxicity and low cost of

manufacture. 2
1.6. Synthesis of nano-sized materials

Nanoparticles are widely being used since ancient times
without knowing that they are nano-sized species. But more research
on the identification of nanomaterials, study on their properties and
various synthesis attempts started only a century back. There are
different ways to synthesize nanomaterials. A number of methods have
been developed so far to generate different sized, shaped and porous
nanostructures. The interest in the area of nanoparticle synthesis is not
ceased yet, since different methods gives nanoparticles of different

properties for applications in medical diagnostics, therapeutics etc.

There are two general methods adopted for the synthesis of
nanoscale assemblies, they are top-down and bottom-up approaches. *’
In the case of Top-down approach, larger initial structures are broken
down with precise control onto nano-sized objects. Typical techniques
employed for reducing the size are etching, ball milling, and
application of severe plastic deformation. Examples of top-down
include ball milling, chemical etching, sputtering, laser pyrolysis and
various lithographic techniques such as electron beam lithography, ion
beam lithography, nanosphere lithography, photolithography, multi-
photon photo lithography etc. 2
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Generally the top-down approaches are expensive compared to
the bottom-up ones. In the case of Bottom-up method, the individual
building units such as atoms, molecules, polymers and colloids are
assembled with needed controllability. The basic units are self
assembled by virtue of the physical forces operating in between them
to get nanoscale particles. Typical example is the formation of
colloidal metallic nanoparticles by reducing the respective metallic
ions with suitable reducing agents and stabilizing them by using
capping agents. Fabrication of nanomaterials by bottom-up method is
generally less expensive. Vapour deposition, Bio-reduction, chemical
deposition etc comes under the category bottom-up The atoms
produced after the reduction of ions are assembled to produce nano-

sized structures.

There is another technique termed Hybrid Fabrication
Technology, which combines both these top-down and bottom-up
mechanisms simultaneously to generate nanoparticles.  Various
chemical strategies are adopted for fabricating nanomaterials. In the
synthesis of metallic nanoparticles, suitable salts of metal ions are
reduced resulting in nucleation and growth of nanomaterials. Choice of
capping agent, pH of the medium, temperature etc are optimized to
precisely control the size and shape of NMs. Generally used capping
agents are surfactants and polymer materials such as thiols, citrates,
starch, Poly Vinyl Alcohol and Poly Vinyl Pyrollidine. Chemical,
photochemical, electrochemical, sonochemical and thermal methods
are some bottom up routes adopted for synthesizing nanomaterials

which include Sol synthesis, Sol-gel process, Co-operative self
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assembly, Langmuir Blodgett method, Template synthesis and hard

matter templating.

Bimetallic and trimetallic NPs are better for several
applications of sensing, catalysis, photonic devices, gene delivery and
electronic devices as they exhibit novel properties on behalf of their
higher micro heterogeneity than their monometallic counterparts. !
Co-reduction of metal i1ons, polyol method, gamma irradiation,
photochemical method, sputter deposition, and microwave irradiation

etc are employed for synthesizing alloy nanomaterials.

Deposition-Precipitation method, galvanic replacement, co-
precipitation and usage of templates are some techniques for
synthesizing hybrid materials. Core-shell structures belonging to
nanodimensions meet numerous applications in optics, drug delivery,
medicinal field and engineering. Among them most commonly used
ones are metal-metal oxide core-shell as they are more interesting for

several applications.

Au and Ag are mutually soluble and forms alloy in their bulk
state and also in their nanoforms. A straight line is obtained when we
plot the absorption maximum against the percentage of Au in the
AuAg alloy compositions and this linear dependence is characteristic
of the alloy nanoparticles, whereas core-shell NPs exhibit two
characteristic absorption peaks. Colloidal Au@Ag nanospheres were
first synthesized by Morris and Collins in the year 1964. ¥ One step
synthesis of Au-Ag alloy NPs by the co-reduction of HAuCls and

AgNO; by sodium citrate was done by El-Sayed et al. **
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The SPR for the alloy NPs lies in between that of pure Au and
pure Ag NPs. Not only isotropic alloy NPs, but also anisotropic NPs
can be prepared by adopting certain stringent reaction conditions. A
small change in the method will be needed for controlling the shape of
the materials to be synthesized. Bimetallic nanoparticles with high
aspect ratio are superior for several applications as they exhibit
different properties upon modification of transverse or longitudinal

modes.

Self Assembly is a thermodynamically controlled phenomenon
based on the fundamental interactions such as hydrogen bonding, polar
and non-polar interactions, etc, hence energetically favorable for the
synthesis of NP assembles. The fascinating functional organizations of
the molecules of life are governed by such interactions. There are
several self assembly processes occurring in nature such as assembly
of living cells during the process of mitosis, protein folding and
aggregation, pairing of bases in DNA, formation of lipid bilayers etc.
Nanoparticles can be organized into 1D, 2D or 3D architectures by the

process of self-assembly.

We are adopting self assembly to synthesize metal NPs and
also their 2D arrays. For preparing well defined nanostructures, we can
employ block copolymers, which acts as good templates. The pH of
the solution and polarity of the solvent are also critical in controlling
and regulating self assembly. The assembly is possible either at solid
interfaces or liquid interfaces since those results in a decrease in the

interfacial energy.
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1.7. Green Chemistry

Compared to the synthetic methods of synthesis, Green
chemistry have several advantages such as they release less amount of
hazardous chemicals to the environment, less protective equipments
required, less prone to accidents, safer methods and less damage to
the ecosystem. Green chemicals will degrade to non-injurious products
or are recycling for further use. They have the advantage of causing
lower potential towards global warming, smog formation, ozone
depletion etc. No need of higher amounts of feed stock for getting
higher yield in farming sector. Faster synthesis of products as the
number of synthetic steps required is less. Less amount of waste, easy
waste disposal, use of safer raw materials and recycling of the raw
materials are some of the advantages of adopting green chemical

strategy.

Another merit about green chemical strategy is atom economy,
attempting to incorporate as many atoms of the raw material used in
the process into the final product so as to reduce waste elimination.
Chemicals with minimal toxicity are selected for synthesis purpose
and the solvents used will be safer as possible. Reactions are mostly
carried out at ambient temperatures and pressure. Raw materials
should be renewable. Catalysts are preferred as they can increase the
rate of formation of products and also save energy consumption. All
these are put to use for an efficient and safer environment. We are
adopting green chemical strategies for synthesizing noble metal
nanoparticles and their alloys. The choice of glucose as the reducing
agent and starch as the capping agent are confirming the utilization of

green chemical strategies for our synthesis procedure.
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1.8. Preparation of two-dimensional Arrays of MNPs
1.8.1. Anti solvent precipitation/ preferential solvation approach

Preparation of two-dimensional arrays of nanoparticles is one
of the important perquisites for the plasmonic applications. Controlled,
anti-solvent precipitation aided by the principles of preferential
solvation is employed for the preparation of such arrays. Anti-solvent
precipitation, also referred as de-solvation consists in drawing-out
precipitation or solvent displacement and is achieved by decreasing the

stability of a solute in a solvent in which it is dissolved. *3¢

When a third component (anti-solvent) is added to a two
component system the solubility of one component (solute) gets
decreased because of the higher affinity of the third component
towards the other one. The term coacervation is also used to describe
this process. Anti-solvent precipitation can also be achieved by the
addition of a non-solvent to a solution to induce super-saturation and
solute precipitation. Careful and proper selection of the solvent and
anti-solvent is important. There must be high affinity between the
solvent and anti solvent or at least they need to be miscible over the
concentration range at which they will be used for the process of

nanoparticles by precipitation.

During anti-solvent precipitation, there occurs the imbalance of
molecular interactions between solute, solvent, and anti-solvent. These
interactions lead to the precipitation of particles. At that condition the

solute-solute interactions will become large enough to overcome the
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solvation and undergo precipitation. The entropy of mixing will be
high that point. Also there should be sufficient repulsion between the

particles to prevent aggregation.

Addition of the anti-solvent to the solution decreases the
solvent power leading to the process of supersaturation. When the
concentration of the solute becomes greater than the equilibrium
saturation concentration of that particular solvent/anti-solvent mixture,
the system becomes supersaturated. And above a specific critical
supersaturation concentration, nucleation is induced. The time lag
between the starting of supersaturation and the onset of nucleation is

known as the induction time.

There will be a metastable zone in which no nucleation is
observed within a given time range for a particular solvent/anti-solvent
composition. The metastable zone is narrow if high and homogeneous
nucleation rates are observed. Anti solvent precipitation is commonly
used for the preparation of micro- and nano- sized materials especially
used to make drugs in the pharmaceutical industry. The physical and
chemical properties of an antisolvent can change the rate of mixing
with the solutions and hence the rate of nucleation and precipitation

are all influenced.

However, this technique has some drawbacks such as difficulty
in controlling the size of the particles produced after precipitation,
usually with a rapid growth rate can be observed in certain situations
which leads to a broad particle size distribution. The process is

thermodynamically controlled, thus the mechanical energy input is
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minimized. Also, poor micro-mixing leads to accidental zones of local
supersaturation which results in the aggregation of particles.
Ultrasound Sonication helps to provide a feasible mixing method to

get uniform sized particles.
1.9. Present study

Noble MNPs, especially Au and Ag are excellent to be used for
various chemical and biological applications such as in optical and
electrical sensors, as catalyst and in medical diagnostics and
treatments. The Au-Ag alloy nanoparticles and their three-dimensional
networks possess exceptional properties than their individual
monometallic counterparts because of their higher micro-
heterogeneity. As they have high affinity towards mercury even in
their bulk state, they will be superior for sensing mercury when their
dimensions are reduced. We have also carried out the ability of all Au-
Ag bimetallic compositions in between that of pure Au and Ag. Two
dimensional arrays of metal nanoparticles are excellent to be used as
SERS substrates. Nanomaterials embedded in carbon nanomaterials
show novel unique properties which will make them highly efficient in

sensing applications.
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Chapter 2 Instrumental Methods

2.1. Introduction

In this Chapter, we discuss the general experimental methods
we have adopted for the preparation and characterization of the
materials. Brief accounts of the instrumental methods employed in this
work such as Transmission Electron Microscopy (TEM), Scanning
Electron Microscopy (SEM), Scanning Tunneling Electron
Microscopy (STEM), UV-Visible Absorption Spectroscopy, X-Ray
Diffraction (XRD) etc. are presented. ¥/

Out of the two methods of characterization available in the
direct space method of identification, electron microscopic techniques
and optical microscopy are used to characterize nano-sized particles.
TEM, SEM, STM, and AFM are included in this category, whereas
reciprocal space methods utilize the phenomena of interference and
diffraction properties of electrons and photons to get the structural

identification. 3% 4

In all the electron microscopic techniques, a high
energy electron beam is used to image the structural properties of
material as is the case with a beam of light in the case of the optical

spectroscopy. !

The dual nature of electron, i.e., both particle and wave nature,
makes it a good candidate for imaging purposes. The wavelengths of
the de-Broglie matter waves of electrons are much smaller than those
of photons and hence a higher resolution is achieved in electron
microscopic techniques as compared to that of the optical
spectroscopy. It is also possible to tune the momentum of the electron

by altering the potential between the cathode and the anode to get
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higher resolutions. The various secondary effects that occur when an

electron interacts with matter are represented in Figure 2.1.

Characteristic Visible light

f-rays

Heat

-~
=~ Diffracted electrans

EQ
Back scattered
electrons
Elasticallyscattered Secondaryelectrons
electrans v
Transmitted
electrons

Figure 2.1. Schematic representation of various secondary effects
when the electron beam interacts with matter (adapted from Williams,
D.; Carter, C. B. Transmission Electron Microscopy, 2" edition,
Springer, 2009, p 7).

2.2. Elastic and inelastic scattering:

When an electron is incident on the particle, it can interact with
the positively charged nuclei of the specimen and the electron is
deflected back at an angle ranging from ~ 10° — 180°. Most of the

electrons are scattered without any loss in energy and this process is
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termed as elastic scattering. But at low angles of deflection, inelastic
scattering also occurs. The latter is associated with a significant loss of
energy for the incident electron. Unlike the optical scattering process
(where a small cross section of the photons acquire higher energy
resulting in the anti-Stokes scattering), the scattered electrons seldom
bear energy higher than the incident electrons. Thus inelastic scattering

of electron beam always results in a loss of energy.
2.2.1. Secondary Electrons (SE):

These arise from the inelastic interactions between the primary
electron beam and the sample. When a primary electron is incident on
the core of an atom, it causes the excitation of an inner K-shell
electron. Thus, some of the K-shell electrons, which are known as
secondary electrons, are ejected and the ejection of electrons can occur
from the surface or near-surface with a depth of about 1-5 nm. These
secondary electrons, having lesser energy than the primary electrons,
are very beneficial for the analysis of the size, topography, surface

morphology and the shape of the material under inspection.
2.2.2. Back-scattered Electrons (BSE):

Primary electrons scatter back in high deflections when
collided with large atoms. These types of electrons originate from a
broad region of interactions. Larger atoms scatter electrons more than
the smaller ones. The intensities of the backscattered electrons are
proportional to their atomic number (Z). Thus, imaging contains

information on the sample composition and phase differences in an
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inhomogeneous material. It is also possible to gather information on
the crystal structure, topography and the magnetic field of the sample
by an analysis of the BSEs. The intensity of BSEs is lower compared
to SEs, but they are highly directional in nature.

Primarybeam

of electrons
Back scattered
electrons

Figure 2.2. Schematic illustration of the back-scattering of electrons
(adapted from reference 47).

2.2.3. Auger electrons:

The release of SEs from an atom may result in a fall of the
highest energy electron in to a vacancy created by the ejected inner
shell (normally K-shell) electrons. The filling of the inner-shell
vacancy is then followed by a release of energy and the emission of an
electron from a higher energy level of the same atom. Many times, this
energy is released in the form of a photon. Another possibility is the
transfer of energy to another electron, causing the ejection of that

electron and is termed Auger electron. Even though this phenomenon
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was first observed by Lise Meitner in the year 1922, ** Pierre Victor
Auger independently established this phenomenon shortly afterwards

and these electrons were termed after him, as Auger electrons. ***°

The kinetic energy of these electrons will be equal to the
energy difference between the energy released in the process of
relaxation of the excited ion and the energy needed to eject the second
electron from its orbit. The energy difference between the two energy
levels can result in a release of low energy Auger electrons or can be
emitted as X-rays. The vacancy created in the K-shell may get filled by
the falling of an electron from the next higher L-shell. A vacancy is
thus created in the L-shell and it may get filled by an electron from the
M-shell and the process may accompany the emission of characteristic
X-rays. The energy and the intensity of X-rays help us to determine the
chemical composition of the sample both qualitatively and

quantitatively.

Energy Dispersive X-ray Spectroscopy (EDS) and Wavelength
Dispersive X-ray Spectroscopy (WDS) are used to characterize the X-
rays thereby the surface morphology. The energy profile for the
various secondary effects involved after the interaction of the primary
electron beam with matter is in the order, Auger electrons < secondary
electrons < BSE < X- rays. As the Auger electrons are ejected from the
inner K-shell or deeper regions of the sample, there is a possibility of
loss of energy through collisions with others before they can reach the
surface. These Auger electrons contain information about the bonding

state of that material. The X-rays are specific to each element, hence
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called characteristic X-rays. X-rays are produced from K, L, and M

shells at a depth of about 1-3nm.
2.3. Electron Microscopic techniques

Analysis of the various secondary effects caused by the
electron—matter interaction is helpful for the characterization of the
sample. ***” Two of the most common electron microscopic techniques
adopted for this purpose are (a) Scanning Electron Microscopy (SEM)
and Transmission Electron Microscopy (TEM). These techniques
provide different types of information with respect to the sample
analyzed. SEM measures the SE or BSE for the analysis of a sample
which may be thick or opaque, and it provides the size, shape and
morphological features of significance. On the other hand, TEM
measures the intensity of an electron beam after it has passed through
an electronically transparent thin sample. The basic principles of SEM

and TEM are described below.
2.3.1. Scanning Electron Microscopy (SEM)

The SEM is a microscopic technique used to study the surface
of a material by focusing it with a high-energy beam of electrons to
generate a variety of signals from solid specimens. 430 The electron
beam coming from a filament is focused to a small spot of the material
surface using electrostatic or magnetic lenses. The beam is then swept
across the sample and the secondary electrons coming out from the
sample are collected by a detector. The signals that are obtained from

electron-sample interaction contain information about the surface
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morphology of the sample and also the chemical composition,
crystalline nature and orientation of the materials constituting the
sample structure. The imaging is done over a certain area of the surface
and the corresponding two dimensional image is then generated. The
intensity of the signal is directly proportional to the number of SEs
produced. Generally areas ranging from approximately 1 cm to 5

microns in width can be selected for imaging purpose.

If the incident electrons are decelerated in the solid sample, the
electron-sample interaction produces a variety of signals as the kinetic
energy of the electrons are dissipated in different ways. These signals
include SEs, BSEs, diffracted backscattered electrons, characteristic X-
rays, visible light (Cathodoluminescence—CL), and heat. Scattered
electrons help us to determine crystal structures and orientations of
minerals. Secondary electrons and backscattered electrons are the most

important for the morphological and topographic analysis.

X-ray generation occurs as a result of the inelastic collision of
the incident electrons with electrons present in the discrete orbitals of
an atom. The electrons gets excited and they will try to return to a
lower energy state, by releasing energy in the form of X-rays. X-rays
possess a fixed wavelength will be equal to the difference between
concerned energy levels of the electron for that particular element.
Thus, the X-ray produced from an element will be characteristic of that
material. SEM analysis is considered to be a "non-destructive"
technique as the X-rays generated by electron interactions doesn’t

result in the volume loss of the sample. The essential components of a
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SEM include electron gun, sample stage, electron lenses, and detectors

for all signals of interest and the display.

k— Electron Gun
J(— Condensor lenses

](‘ Scan coils

Condensor

- ape rture

€ Qbjective lens
& Qbhjective Aperture

———— BSE Detector
i""——- SE Detector

Viewing
Chamber

€ Sample

Figure 2.3. Schematic diagram of a Scanning Electron Microscope
(SEM). (Adapted from Flewitt, P. E. J.; Wild, R. K. Physical Methods
for Materials Characterization. Chapter 6, Inst. of Physics Pub. Inc.
1994, Bristol).
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A resolution up to 0.7nm — 5nm can be achieved by using
SEM. The imaging of individual atoms is not possible with the help of
a SEM as the area of the spot exposed to the electron beam and the
interaction volume are both larger than the distance between individual

atoms.
2.3.2. Transmission Electron Microscopy (TEM)

Transmission electron microscope (TEM) operates on the same
basic principles as that of the optical microscope but uses electrons
instead of light. > ** The transmission electron microscope is a very
powerful tool for analysis in material science. As TEMs uses electrons
for imaging purpose and the wavelength of electrons are much shorter
than that of light waves, a resolution obtained for a TEM is at least
thousand times better than that for an optical microscope. TEM can
reveal the finest details of the internal structure of a material-even able
to image individual atoms. However, since the transmitted electrons
are used for creating the images, morphological details are less
prominent in the TEM images. It is possible to even observe molecules
of the order of a few angstroms (10" m). It has been shown that by
increasing the potential between the anode and the cathode, one can
generate fast electron beams that can probe individual atoms and the
technique has helped us a lot in understanding the fine-structure of
materials. The achievability of very high magnifications has made the

TEM a powerful tool in materials research.

A high energy beam of electrons from the electron gun is made

to focus on a small spot on the sample under analysis by the use of the
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condenser lens. The electron beam then passes through the
electromagnetic objective lens which focuses the electrons scattered
from the specimen into one point on the image plane. The interactions
between the electrons and the atoms are observed to deduce the
structural features in the material. As the electrons are passing through
the sample, they get scattered by the electrostatic potential set up by
the constituent elements in the specimen. A portion of the beam is
transmitted depending upon the thickness and electron transparency of

the specimen.

This transmitted part is then focused by the use of an objective
lens into an image on a phosphorescent screen. When the beam strikes
the screen, phosphorescent light is produced, allowing us to observe
the image. The brighter areas in the image indicate those areas of the
sample where more electrons are transmitted through while the darker
areas represent those areas where fewer electrons are transmitted. High
resolution TEM is widely used to analyze the size, shape, quality and
density of quantum wells, wires and dots. A TEM specimen must be
thin enough to transmit sufficient electrons to get an image with

sufficient signal intensity.
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Figure 2.4.  Schematic diagram of a Transmission Electron
Microscope (TEM). (Adapted from Brydson, R.; Brown, A.; Benning,
L. G. et al. Analytical transmission electron microscopy. Reviews in
Mineralogy and Geochemistry, 2014, 78 (1), 219 — 26, ISSN 1529-
6466).

2.4. UV-Vis Absorption Spectroscopy

Several materials exhibit resonant absorption of light in the
Visible and Ultraviolet region of the -electromagnetic spectra,

corresponding to the energy gaps between the various electronic states
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in the system under study. In the UV-Visible absorption spectrometer,
the response of a sample towards ultraviolet and visible range of
electromagnetic radiation is measured. > ** According to the Beer-
Lambert Law, the absorbance of a sample is directly proportional to
the concentration of the solution and the path length (thickness) of the
medium, as stated by Beer-Lamberts law. This law can be expressed

mathematically as
A =egcl

Where A is the absorbance, € is the molar absorption co-
efficient, ¢ is the concentration of the solution and 1 is the path length
of the medium. Absorption of light in the UV-Visible part of the
spectrum (210 — 900 nm) is measured. Transitions between electronic
energy levels results in the absorption of electromagnetic radiation in
this region of the spectrum. Mostly, these correspond to transitions of
electrons from the highest occupied molecular orbital (HOMO) to the
lowest occupied molecular orbital (LUMO).

In the case of metal and alloy nanoparticles, UV-Visible
absorption spectra are routinely used to characterize these particles
based on the resonant absorption of light corresponding to the
Localized Surface Plasmon Resonance (LSPR) of colloidal metal
nanoparticles. In the case of colloidal Au, Ag, Cu nanoparticles, the
SPR absorption occurs in the visible region. The position and shape of
the SPR bands provides us information about the size, shape,
composition of the particles as given by Mie Theory and other

theories.
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Typically, the Au NPs give rise to SPR absorption around 520
nm and Ag NPs around 400 nm. The SPR absorptions corresponding
to the AuAg Alloy NPs lie in between those for Ag NP and Au NP,
and one observes a linear correlation between An.x and the alloy
composition. Most of the phenomenon associated with the
nanoparticles such as inter particle association, networking,
amalgamation, etc can be can be monitored in terms of the variation in
Amax, since it is directly linked to the surface electronic structure of the

particle.

The width and shape of the peaks also give information about
the microstructure of the specimen as a result of the direct correlation
between the electronic relaxation and the bandwidths. The Full Width
at Half maximum (FWHM) of the peak is indicative of the high micro-
heterogeneity of the substrate as a result of relaxation processes. The
resolving power depends on the wave length of source and the best
resolution achievable will be equal to half of the wave length of source
used. The absorption spectra of all the samples are measured using

Jasco-V 550 UV-Visible Spectrophotometer.
2.5. FTIR and Raman Spectroscopy

Both IR and Raman spectroscopic techniques are based on the
quantization of the energies of molecular vibrations. Molecules
undergo vibrational motions absorbing characteristic energies in the
infrared region. Infrared spectroscopy deals with the resonant
absorption of IR radiation causing characteristic excitations between

the ground and excited vibrational states. ' Since the different
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vibrational modes of the same molecule absorbs at different energies,
one obtains a spectrum of absorbed radiations. IR spectra are routinely
used in the structural elucidation to find the functional groups present
in a molecule. The spectrum is obtained by passing infrared radiation
through the sample and measuring the amount of the incident radiation
absorbed at that particular energy. IR spectrum of a chemical species
provides the finger print of a molecule for its structural identification
as it unravels the presence of the different functional moieties present
in that molecule. With advent of Michelson’s interferometer and
Fourier transformation, recording of IR spectrum is made much
simpler by the evolution of FT IR spectrometer. The Raman Effect was
discovered by the great scientist C. V. Raman in the year 1928 and was

awarded Nobel Prize for the same in the year 1930. >

Raman spectroscopy is fundamentally very different from the
IR spectroscopy. The former is based on the inelastic scattering of light
after interacting with the molecules, unlike the resonant absorption in
the IR spectroscopy. The radiations, in general, undergo two types of
scattering -the elastic and the inelastic. In elastic scattering (Rayleigh
scattering), the scattered radiation will have the same energy as
compared to the incident radiation. On the other hand, in the case of
inelastic scattering (Raman scattering), the scattered radiation will
have an energy different from that of the incident radiation. This
difference amounts to the energy given by the molecule to the radiation
(anti-Stokes) or the energy taken up by the molecule (Stokes). Thus the

Stokes lines will always have lower energy than the incident radiation
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while the anti-Stokes lines will have a higher energy than the incident

radiation.

The population of the vibrational energy states is governed by
the Boltzmann distribution and so at low temperatures, most of the
molecules will be occupying the ground vibrational states and only a
small fraction of the total number of molecules will be occupying
higher vibrational energy states. Thus, the anti-Stokes lines will be
rather weak as compared to the Stokes lines. Also, the Raman
scattering cross section is very small as compared to the Rayleigh
scattering. Statistically, only one out of 100 molecules will undergo

Raman scattering.
2.5.1. Surface-enhanced Raman Spectroscopy (SERS)

Raman spectroscopy is a very powerful tool in the structural
elucidation of molecules and the group theoretical selection rules
makes Raman spectra complementary to the IR spectroscopy. Raman
and IR spectra together will be able to explain molecular structure in
great detail. Since water is a poor scatterer of light, Raman
spectroscopy can be a powerful to probe bio-molecular structure in
functional forms. However, due to the poor signal intensities, it has not
been able to utilize this method in its full capabilities. However, it was
observed that when molecules get adsorbed on roughened metallic
surfaces or metal nanoparticles, the Raman signal intensities get
enhanced by a factor of approximately 10° (even more in the case of
molecules that give Resonance Raman effect), and that this can

. 9
overcome the poor Raman cross section. °
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Such large enhancement of Raman signals on metal
nanoparticle surfaces is called Surface Enhanced Raman Spectroscopy
(SERS) and this has been of tremendous use in lifting the Raman
signal intensities of important bio-molecules. A schematic description

of SERS enhancement has been presented in Figure 2. 5.

Surface-Enhanced Raman Scattering
(SERS)

—s o Fay E
Enhancement _ OSERS l’l o O‘ \
Factor (EF) _0.— 3
Raman J \
Chemical Electromagnetic
Raman Laser
Scattering Excitation
(09 -0yip) (o)

QNN

- - -

S8 8se»

Figure 2.5. Schematic illustration of signal enhancement in SERS.
(Adapted from Haynes, C. L.; McFarland, A. D.; Van Duyne, R. P.
Surface-Enhanced Raman Spectroscopy. Anal. Chem. 2005, 77(17),
338 A-346 A).

The quantum mechanical operator in a Raman scattering

process is the induced dipole moment, p, given by

u=akE,
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Where a is the polarizability tensor and E is the local electric
field experienced by the molecule. When a molecule is adsorbed on the
surface of metal nanoparticles, the electric field of the radiations gets
enhanced by the resonant, in-phase oscillation of the electrons on the
nanoparticles. This type of enhancement is usually termed as the
Classical Electro-magnetic Enhancement (CEME) and this can give an
enhancement by a factor of 10°. Also of interest is the Chemical
Enhancement, generally caused by the transient excitation of some of
the excited metal electrons into the molecular orbitals of the adsorbed

molecular system.
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Chapter 3 A Simple antisolvent method for the controlled deposition of metal
and Alloy nanoparticles

3.1. Introduction

As discussed in Chapter 1, Surface Plasmon absorptions from
metal and alloy nanoparticles have attracted volumes of work in the
past two decades due to unique colours of the nanoparticles as well as
the close correlation of these colours to their surface electronic
structures. %% Not only that these colours have generated considerable
interest from a basic science perspective to manipulate the optical
properties of metal nanoparticles, it has also led to the development of
important applications in physics, materials science, optics, biology,
and medicine. As discussed earlier, much of the original reasoning for
the colours of the noble metal nanoparticles have been linked to the

Mie theory. 67

In later years, many theoretical simulation methods based on
Mie theory, discrete dipole approximation (DDA), and finite difference
time domain (FDTD) have been developed to model the Plasmon
behaviour in nanoparticles of complex shape, geometry, and
composition. **7° Applications of metal nanoparticles in applications
such as sensing, catalysis, and targeted drug delivery are of special
importance in advanced functional materials. Also, arrays of metal
nanoparticles encapsulated in silica matrices and the like have found
immense applications in the development of optical limiters. Studies
on LSPR has also led to the opening of several new horizons for the
development of a wide range of applications in ultrasensitive chemical

and biological sensing by virtue of the advanced techniques such as
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Plasmon Resonance Sensing, Surface-enhanced Raman Scattering

(SERS) and Surface-enhanced Fluorescence (SEF). 76

Since the LSPR has been attributed to the resonant optical
absorptions due to the collective oscillations of the polarisable surface
electrons of the metal nanoparticles, in tune with the oscillating electric
field of the incident electromagnetic radiation, any modification in the
surface electronic structure will be reflected in the position (Amax) as

well as the line shape of the absorption band.

In fact, Plasmonics has now been developed into a full-fledged
discipline in physics and materials science. It is also established that
one can tune the colour of the nanoparticles or the surface Plasmon
absorption maximum (Amax) by the preparation of alloy nanoparticles
of various metals by modifying their compositions.18-20 For example,
in the case of Au-Ag alloy nanoparticles, it is possible to tune the
plasmon absorptions of alloy nanoparticles between that for pure Au
and that for pure Ag, and that the Amax varies quite linearly with
composition. These materials have significant interest in Plasmonics.
Of particular interest is SERS which enables the vibrational
spectroscopic detection of molecules at very low concentrations

allowing us to overcome normally weak Raman cross-section. ’”* '®

One important challenge in enabling all these applications is
the development of a strategy for the controlled deposition of such
nanoparticles of metals on various substrates in sufficiently large

concentrations, but without leading to the normal aggregation and the
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resulting inter-plasmonic coupling, eventually leading to the shifting,
broadening or even the loss of the LSPR. These noble metal
nanoparticle surfaces can serve as good SERS substrates.SERS is
attributed to both the enhancement of the local electric field of the
electromagnetic radiation on the nanoparticle surface as well as the
possible chemical enhancement effects due to potential, transient,
electron transfer from the metal nanoparticles to the vacant anti-

bonding orbitals of the analyte molecules.

The normally weak Raman cross-section is overcomed by a
million-time enhancement brought in at the metal nanoparticle surface
by the two established mechanisms, viz., the Classical Electromagnetic
Enhancement (CEME) and the Chemical Enhancement. While CEME
is directly related to the local amplification of the local electric field
experienced by the molecule at the metal nanoparticle surface by the
oscillation of the surface electrons, Chemical effect arises from the
change in polarizability of the molecule by virtue of the charge-
transfer or what is generally described as the chemical effects between

the nanoparticle surface and the molecule.

It has been reported that these two mechanisms together can
cause an enhancement of 10° times in the Raman signal intensity.
Often, coupled with Resonance Raman effects, this can go up to the
tune of 10" times and can lead the way to single molecule detection of
important  bio-molecules. Plasmonics also supports sensing

applications such as the naked eye-detection of toxic metal ions such
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as Hg”" at low concentrations without the use of any sophisticated

equipment.

In this Chapter, we present a simple strategy for the controlled
deposition of metal and alloy nanoparticles based on preferential
solvation, guided by the competitive intermolecular interactions in a
micro-heterogeneous environment created by different liquid
molecules. Aqueous dispersions of starch-stabilized Au, Ag, and Au-
Ag alloy nanoparticles of different compositions were prepared and
these were deposited on to a Whatman filter paper by the controlled
drop-wise addition of acetone to the dispersion. The preferred acetone-
water interactions and the poor solubility of starch in acetone
presumably reduce the stabilization of the starch-stabilized metal/alloy
nanoparticle resulting in the slow precipitation of the nanoparticles.
Such two-dimensional nanoparticle arrays will greatly help to enable
the plasmonic applications to more precise optical applications. It is
demonstrated that these two-dimensional arrays can act as good
platforms for carrying out SERS studies taking 1,4-Benzene dithiol as

a model molecular system.
3.1.1. Controlled Deposition of Metal and Alloy Nanoparticles

Anti-solvent precipitation, also referred as de-solvation consists
in drawing-out precipitation or solvent displacement and is achieved
by decreasing the stability of a solute in a solvent in which it is
dissolved. This method has received much attention as simple physical

chemistry tool for the precipitation of many solutes in a controlled way
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often leading to the crystallization of many systems that are otherwise
difficult to crystallize. In addition to liquids, gases such as CO; have
been used for the purpose in simple gaseous state as well as

supercritical states.

One can consider a solution as a two-component system
consisting solute and the solvent. The solute is dissolved in the solvent
by virtue of either site-specific solute-solvent interactions such as in
the case of polar solvents like water or simple dispersive forces like the
van-der-Waal’s forces as in the case of non-polar solutes and non-polar
solvents. The rule of thumb in such cases is described as “the like
dissolves the like”. For example, in the case of solvation of Na'CI’
crystals in water, the lattice energy of the solute crystal is replaced by
the favorable solvation of the individual Na" and the Cl  ions by the
surrounding water molecules, which are held together by the
cooperative networks of hydrogen bonds. The Oxygen atoms of the
water molecules are oriented towards the Na' ions to ensure the
required charge stabilization in the primary solvation process. But, in
the case of the CI ions, the primary solvation shell consists of the
partially positive hydrogen atoms of the water molecule orienting
towards the CI ions. The complex cooperative networks of the
hydrogen bonds of water will then govern the primary, secondary,
tertiary, and higher order solvation shells, eventually the bulk water

structures.

In fact, the water molecules in each one of these solvation

shells are different from spectroscopic perspective consisting different
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degrees of polarization. Even the charge densities on the ions can have
profound effect on the solvation. For example, the Ag' ion, which has
a lower charge density as compared to that the Na" ion (by virtue of the
larger size of the former), gets solvated more effectively in organic

solvents such as Acetonitrile (AcN).

In the case of simple hydroxyl systems such as sugars, the
hydrogen bonding between the hydroxyl groups of the solute and the
solvent water molecules ensure their solvation in water. A third solvent
(or third component) which has a high interaction cross-section and
higher miscibility with the solvent molecules (second component) that
are solvating the solute molecules (first component), preferential
solvation effects begin to be operational. If the interaction between the
third component and the second component outweighs the interaction
between the first and the second components, the molecules of the
second component will be drawn away from the first component,
eventually leading to the precipitation of the first component out of the
solution. The strength of the interaction between the individual solute
ions/molecules will also have a crucial role here. The larger the
interaction cross-section, the easier would be the precipitation of the

first component.

Although this is strictly an issue of preferential solvation, often
it is termed as anti-solvent as the first component gets thrown out of
the solution by the addition of the third component. Thus, the term
anti-solvent is used very often. The term coacervation is also used to

describe this process. Anti-solvent precipitation is also be achieved by
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the addition of a non-solvent to a solution in order to induce super-
saturation and solute precipitation. Careful and proper selection of the
solvent and anti-solvent is important. There must be high affinity
between the solvent and anti solvent or at least they need to be
miscible over the concentration range at which they will be used for

the process of nanoparticles by precipitation.

During anti-solvent precipitation, there occurs the competition
of molecular interactions between solute, solvent, and anti-solvent.
These interactions lead to the precipitation of particles. At this point,
the solute-solute interactions will become large enough to overcome
the solvation and lead to the precipitation of the solvated species. The
entropy of mixing will be high that point. It may also be perceived that
the addition of the anti-solvent to the solution decreases the solvent
power leading to the process of supersaturation. When the
concentration of the solute becomes greater than the equilibrium
saturation concentration of that particular solvent/anti-solvent mixture,
the system becomes supersaturated. And above a specific critical
supersaturation concentration, nucleation is induced. The time lag
between the starting of supersaturation and the onset of nucleation is

known as the induction time. >

There will be a metastable zone in which no nucleation is
observed within a given time range for a particular solvent/anti-solvent
composition. The metastable zone is narrow if high and homogeneous
nucleation rates are observed. Anti solvent precipitation is commonly

used for the preparation of micro- and nano- sized materials especially
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used to make drugs in the pharmaceutical industry. The physical and
chemical properties of an antisolvent can change the rate of mixing
with the solutions and hence the rate of nucleation and precipitation are
all influenced. One of the drawbacks of this method is the difficulty in
controlling the size of the particles produced after precipitation,
usually a rapid growth rate can be observed in certain situations, which
leads to a broad particle size distribution. Since the process is
thermodynamically controlled, the energy requirements are minimized

in this process.
3.2. Experimental

The nanoparticles of Au, Ag, and Au-Ag nanoparticles are
prepared by a variant of the green chemistry method described earlier
using B-D Glucose as the reducing agent and soluble starch as the
protecting agent. 7 ¥ About 10 ml 0.05 N aqueous solution of D-
Glucose was taken in a beaker and 20 ml of 1% aqueous starch
solution was added to it. To this mixture, an aqueous solution of
HAuCls (0.01N, 500uL) was added and is heated to boiling in a
microwave oven. Then 200 pL of 0.01 N NaOH is added to increase to
pH. The appearance of ruby red color indicates the formation of Au
NPs. Ag NPs and AuAg alloy NPs are also synthesized by the same
method by taking required stoichiometric amounts of the individual

metal precursors.

The metal precursors, viz., AgNO; (Extra pure 99.9%) and
HAuCly (purity >99.9%), as well AR grade -D Glucose (the reducing
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agent) and Soluble Starch (extra pure AR) were purchased from Sigma
Aldrich. AR grade acetone was used for the deposition of the
nanoparticles from various dispersions. UV-Vis Absorption spectra
were recorded using a JASCO Model V550 spectrometer fitted with
accessories for solid state measurements. High resolution FESEM
images were obtained using Hitachi S-4800 Model High Resolution
Field Emission Electron Microscope. Controlled deposition of metal
and alloy nanoparticles were carried out by the preferential solvation
method by the drop-wise, slow addition of Acetone from a burette to

the aqueous dispersion of the nanoparticles.
3.3. Results and Discussion

We have carried out the controlled precipitation of the
nanoparticles of Au, Ag, and the AuAg alloy nanoparticles of various
compositions as shown below. The colloidal metal nanoparticle, which
is stabilized by the soluble starch molecules and these starch-stabilized
metal and alloy nanoparticles are stabilized in water as a colloidal
dispersion, plausibly by virtue of the hydrogen bonding between the
starch molecules and water. The photographic images of the aqueous
dispersions of Au, Ag, and Au-Ag alloy nanoparticles prepared as

mentioned above are presented in Figure 3.1.
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Figure 3.1. (a) Photographic images of aqueous dispersions of (1)Ag
NP; Ag:Au alloys of the compositions (2)3:7 Alloy, (3)5:5 Alloy,
(4)7:3 Alloy and (5)Au NP.

One can clearly observe the variation of the colour from that of

pure Au and Ag nanoparticles indicating the formation of the alloys.
3.3.1. UV-Visible Spectra

The UV-Vis absorption spectra of these metal and alloy

nanodispersions are presented in Figure 3.2.

A plot of Apn.x against the composition and the UV-Vis
absorption spectra of these dispersions are presented in figures 1(b)
and 1(c), respectively. It is observed that the Ay.x varies linearly with
composition indicating the formation of the alloys as against core-shell

particles.
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Figure 3.2. (a) UV-Vis absorption spectra of the aqueous dispersions
of Ag NP; Ag:Au alloys of the different compositions mentioned in
Figure 3.1. (b) Plot of Amax Vs percentage of Au in the nanoparticle for
the various compositions.
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3.3.2. TEM Analysis

Figure 3.3. The High Resolution-TEM images of colloidal
nanoparticles drawn on a TEM grid (a) Au NPs, (b) 7:3AuAg Alloy
nanoparticles, (c) 3:7 AuAg Alloy nanoparticles and (d) Ag NPs.

Gold nanoparticles have an average size around 10-20 nm and
are all spherical in nature. Silver nanoparticles shows varying size
ranging from 10-100 nm Also we can find hexagonal nanoparticles in
addition to spherical ones. Intermediate alloy nanoparticles have
smaller size than the individual gold and silver nanoparticles. But on

drying, they are found to aggregate slightly as evident from the TEM
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images given below. This may because of their higher surface
reactivity on account of their smaller size and higher

microheterogeneity.

The method can be adopted for the easy synthesis of Au, Ag,
and Au-Ag nanoparticles of desired Am.x by employing suitable
stoichiometric compositions of the precursor metal ions. These stable
dispersions were then transferred to glass beakers containing cellulose
paper at the bottom. As discussed in the introduction, acetone was
added through the sides of the beaker slowly from a burette to allow

the slow and controlled deposition of the metal and alloy nanoparticles.

It is seen that the particles fall out of the dispersion and slowly
deposit at the bottom on the paper placed for the purpose, as evidenced
by the reduction in the colour of the aqueous dispersion. The
deposition of the nanoparticle on the Whatman paper is found to be
uniform as evident from the thickness measurements. A digital
micrometer screw gauge was employed to measure the thickness of the
sample. Bare Whatman filter paper has thickness 0.187 + 0.001 mm,
for the nanogold deposited film, it is 0.2 = 0.001 mm and for silver
nano film, it is 0.211 + 0.002. The variation is too small of the order of
+0.001 and +0.002 mm. The proposed mechanism of the deposition is

shown schematically in Figure 3.4.
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Figure. 3.4. Cartoon depicting the plausible mechanism of acetone-
mediated deposition of the starch-stabilized metal or alloy nanoparticle
from the respective aqueous dispersions.

The starch stabilized metal or alloy nanoparticles are stabilized
in water; solvated by the cooperative networks of hydrogen bonds
between starch and the various solvation shells of water around the
nanoparticle. Upon the addition of acetone, there comes a competitive
interplay between the water-acetone and the water-starch interactions.
81. 82 1t is well-established that even in the apparently homogeneous
mixtures of liquids such as water and acetone there are different
regions in the phase diagram dominated by different types of
interactions and exhibit microscopic heterogeneity in the different

compositions.

For example, vibrational and NMR relaxation studies by
Reimers and Wallen, respectively, had demonstrated a water-rich
region, acetone rich region and a region where there is a competitive
interplay between the various acetone-water structure. From a similar
standpoint, we perceive that in the present scenario, there is a

competitive set of two interactions. The starch-water solute-solvent
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interaction is sufficiently strong to stabilize the starch-stabilized metal
nanoparticles in water. However, upon the addition of acetone, the
acetone-water interactions become dominant enough to push out the
metal nanoparticles from the dispersion eventually leading to their
controlled deposition. The clear aqueous part was then drained and the
cellulose papers were dried at room temperature. Photographic images
of the cellulose papers deposited with the Au, Ag, and Au-Ag alloy
nanoparticles of different compositions as well as their corresponding

Diffuse reflectance UV-Vis spectra are presented in Figure 3.5.
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Figure 3.5. Photographic images of the cellulose papers deposited with
various metal and alloy nanoparticles: (a) Ag; (b) AgAu (7:3); (¢)
AgAu (5:5); (d) AgAu (3:7); and (e) Au. The corresponding diffuse
reflectance UV-Vis absorption spectra are presented above.
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3.3.3. FE-SEM Analysis of 2D MNP arrays

High resolution FE-SEM images at different magnifications of
a typical bed of Ag nanoparticles deposited on a cellulose paper are

presented in Figure 3.6.

o

]

S—
>
_—
— 'l-;/gl [

¥
3.00um

J.

PU-SAIF 15.0kV 11.8mm x35.0k SE(UL

Figure 3.6. (a), (b), & (c) Field-emission SEM images of the Ag NP
film at different magnifications.

One can observe a bed of well-separated Ag nanoparticles,
mostly cubes with an average size of 200 nm in such a way that there

is no aggregation or possible inter-plasmonic coupling. In comparison
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with the earlier reported work, the sizes of the nanoparticles are at least
an order of magnitude higher (ref), plausibly formed by the Ostwald-
type ripening of the nanoparticles upon treatment with acetone. This is
also evidenced by the red-shift of the A, values for the films as

compared to those of the corresponding aqueous dispersions.

3.4. Applications

3.4.1. Surface Enhanced Raman Spectroscopy

There are several applications for such nanoscale assembles of
metal nanoparticles, particularly in sensing. Among such methods, of
special significance is the substrates for the surface enhanced Raman
spectroscopic detection of molecules at low concentration wherein one
overcomes the disadvantage of the low Raman scattering cross section
(and thus low intensity of the peaks) facilitated by the enhancement of
the local electric field experienced by the molecules at the metal
nanoparticle surface. The SERS spectra of one of the typical
compounds, Benzene Dithiol (BDT) recorded on Ag, Au and the
various AuAg (1:1) alloy particle assemblies at a low concentration of

10 M are presented in Figure 3.7.
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Figure 3.7. (A)FT Raman spectrum of BDT (powder); (B), (C), (D)
Fourier transform SERS spectra of BDT on two-dimensional beds of
Ag, Au, and AuAg (5:5) alloy nanoparticles.

Electrons have different vibrational levels defined by specific
energy differences. When an incident monochromatic light interacts
with an electron in the sample, the electron absorbs energy from the
incident photon and rises to a virtual state of energy. The energy
transferred is given by the formula E= hv. The electron then falls back
to an energy level by losing energy. If the energy lost is equal to that of
the energy of incident photon, the electron falls back to its initial
vibrational level and in this process emits another photon. Energy lost
is equivalent to the energy of incident photon; the released photon has

same frequency as that of the incident photon giving rise to Rayleigh
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scattering. Sometimes, the electron, when losing energy from the
virtual state can fall back to a different vibrational level. As a result,
the photon emitted by the electron has energy different than the
incident photon. Depending upon the final energy of the electron or
final vibrational level of electron, Raman scattering is separated into

stokes and anti-stokes lines.

A Raman spectrum gives the molecular fingerprint and it is
different for different molecules. By studying the spectra, one can
identify rotational levels and thus image a particular molecule. This
helps in performing qualitative analysis. Intensity value of a particular
Raman line helps to determine the concentration of a molecule in a
given sample. So it is ascertained that Raman spectroscopy is an
excellent tool for both Qualitative and Quantitative analysis. Raman
spectroscopy has several disadvantages such as low sensitivity when
the sample volume is low or when the concentration of Raman active
molecules is less. When that molecule is placed in the vicinity of a
nano roughened noble metal surface, the intensity of Raman scattering

is found to be enhanced tremendously.

The FT-SERS spectrum of BDT recorded on the various
substrates demonstrate significant SERS enhancements enabling their
detection at low concentrations. Electromagnetic enhancement model
suggests that the vibrational modes that are parallel to the surface will
not be enhanced while those modes that are perpendicular to the
surface will be enhanced. Since the aromatic C-H stretching vibrations
are absent, one might assume that the benzene ring is oriented parallel

to the metal nanoparticle surface. Also, the absence of the S-H stretch
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mode around 2510 cm™ is indicative that the formation of the Au-S or
Ag-S bonds by the elimination of hydrogen at the metal nanoparticle
surface. All the other peaks of BDT are present in the spectrum with
good signal to noise ratios. One of the most interesting features
observed is the variations in the relative intensities of the various peaks
in the spectra obtained on different substrates, which could be due to
the differences in the fine structures of the nanoparticle surfaces and
specific adsorbate metal/alloy interactions.. Although such intensity
variations have been obtained earlier for the spectra for the same
substrate with different excitation lines, in this case, it is the same
excitation line in the NIR range (1064 nm) gives such intensity
variations for different A.x values of the substrates. The exact reasons
for such variations would provide more insights into the mechanism *
$ of SERS itself.

3.5. Conclusions

Plasmonics of metal and alloy nanoparticles is an important
field in physics and chemistry of materials with potential applications
in sensing. Preparation of two-dimensional arrays of metal/alloy
nanoparticles of noble metals without causing aggregation and
consequent inter-plasmonic coupling is an important aspect for
enabling such applications. In the present work, we have presented a
very simple, anti-solvent approach for the preparation of such two-
dimensional arrays of noble metal and alloy nanoparticles and have
demonstrated that these substrates could be used as effective SERS

substrates.
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Chapter 4 Plasmonic sensing of Hg (1I) ions using Gold, Silver and
Gold - Silver Alloy nanoparticles

4.1. Introduction

Heavy metal toxicity has been proven to be a major threat to
human health and environment. They can adversely affect human body
and its proper functioning, may even interfere with metabolic
processes even though they do not have any biological role. ¥ This is
because they can act as a pseudo element of the body. Some heavy
metals get accumulated in the body through food chain, showing a
chronic nature leading to several disorders and also results in excessive
damage due to the oxidative stress induced by free radical formation. *

Mercury is considered to be the most toxic among heavy metals. *” %

Mercury poisoning is also known as acrodynia or pink disease.
Mercury is extensively used for making thermometers, barometers,
hydrometers, pyrometers, fluorescent lamps and mercury arc lamps. It
is also used in various industries such as pharmaceuticals, pulp and
paper industries, agriculture industry, chlorine and caustic soda
production industry. Major sources of mercury pollution are
anthropogenic activities such as agriculture, mining, incineration,

municipal waste water discharges, and industrial waste water.

Mercury exists mainly in three forms: metallic elements,
inorganic salts and organic compounds. Exposure to elevated levels of
mercury can damage the brain, kidneys and the developing fetus.
Inorganic mercury has the ability to combine with other elements
forming amalgam and also can easily convert into organic forms of

mercury. Micro-organisms convert mercury present in soil and water
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into methyl mercury, a well known potent neurotoxin. Organic
mercury has the ability to penetrate biological membranes as they are

lipophilic in nature making them more hazardous. *

It can easily pass through the placental membrane and the
blood-brain barrier making even slightest exposure during pregnancy
to be a great concern. The nervous system is very sensitive to all types
of mercury. Mercury can impair any organ and lead to the
malfunctioning of nerves, kidneys and muscles, brain being the major
target organ. *° It can also cause disruption of the membrane, potential
interrupting the intracellular calcium homeostasis. Mercury can easily
bind to freely available thiols as the stability constants are high.
Mercury vapor inhalation can cause bronchitis, asthma and several
respiratory diseases. The inorganic form of mercury, mercuric ion
(Hg”"), being highly water soluble, exists mostly in the surface water,

making it more hazardous than other forms of mercury. **

In order to determine the mercury content in a water sample,
several methods can be adopted such as Atomic Absorption/Emission
Spectroscopy(AAS/AES), °* Cold Vapor Atomic Absorption
Spectroscopy (CVAAS), ** ** Electro-chemiluminescence, > Cyclic
Voltammetry °°, Atomic Emission Spectroscopy, Atomic
Fluorescence Spectrometry (AFS), Inductively Coupled Plasma - Mass
Spectrometry (ICP-MS) and Reverse-phase High-performance Liquid

Chromatography.
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Even though they are powerful techniques for the trace
determination of Hg?", they require costly instruments, sample
preparation, help of a highly experienced personnel, and may often
encounter interferences from other metal ions, making the selective
detection rather difficult. So the development of an inexpensive,
simple and direct method for the sensing mercury becomes necessary.
For over 2500 years noble metals had been extracted, based on the
knowledge that mercury forms an amalgam with such noble metals. It
is well understood that mercury has an affinity towards noble metals
such as gold and silver in the bulk state. Hence, noble metal
nanoparticles can also be used as a good probe for the easy and
sensitive detection of Hg (II) ions. It is found that noble metal
nanoparticles are excellent sensors of Hg*" ions due to the modification
of surface electronic structure and thereby the plasmonic properties of
metal nanoparticles upon amalgamation. They can detect even trace

amounts of mercury as dissolved salts in water samples.

As discussed in the previous chapter, the characteristic colours
of the metal nanoparticles are caused by typical optical absorptions due
to their distinct surface plasmon resonance (SPR) absorptions in the
visible region of the electromagnetic spectrum, resulting from the
collective oscillations of the surface electrons of the metal
nanoparticles with respect to the oscillating electric field of the
incident radiation. The A« of absorption is characteristic of different

metals and that the magnitude of absorption is proportional to R>. The
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wavelength at which the NP absorbs depends on several factors such as

size, shape, composition and local environment.

Upon adsorption of mercury, the complex dielectric function of
metal NPs gets altered resulting in a blue-shift in the LSPR
wavelength. The Hg (I) ions get reduced to Hg(0) and will cover the
surface of the metal nanoparticles and as time goes, some of the Hg

atoms will diffuse into the metal lattice.
4.2. Experimental

The synthesis of Au, Ag and AuAg Alloy nanoparticles were
carried out by adopting the procedure discussed in the previous chapter

in section 3.2.
4.3. Results and Discussion
4.3.1. Sensing of Hg(II) ions using Noble metal NPs

Detection of Hg (II) ion by using Ag NPs as probe is based on
the blue-shift of the Ay of the surface Plasmon absorption upon
amalgamation. The spectra of Ag NPs give a Ay« value around 400
nm, which gets blue-shifted from the visible to the UV-region of the
electromagnetic spectrum upon the addition of Hg (II) ions to the Ag
NP dispersion. Visibly, the colour of the Ag NP dispersion gradually
changes from yellow to colourless. The intensity of the optical
absorption is also found to decrease with increasing mercury
concentration. There are two important processes which require

consideration in this context.
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The first is the modification of the plasmonic structure around
the nanoparticle as a result of the incorporation of the Hg atoms in
place of the host noble metal lattice (often truncated). The latter is the
process of diffusion, wherein the Hg atoms diffuse through the noble
metal lattice modifying the dielectric function of the nanoparticle. Both
these processes can directly alter the surface Plasmon absorptions and
the Amax values as described by the Mie theory and its extensions. This
is also true for the bimetallic systems such as AuAg alloy nanoparticles
wherein one can tune the Ay« values based on the composition of the

alloy nanoparticles.

It may be noted that the atomic radii (calculated) of Ag and Au
atoms are 1.65 A and 1.74 A, respectively. This also suggests that
there will be significant disorder in the AuAg alloy nanoparticle,
originating from the size difference between the two atoms. The
atomic size of Hg(0) is 1.71 A indicating that Hg atoms too can easily
diffuse into Au, Ag, or the AuAg alloy organizations. It may also be
noted that the lattice energy of the Hg is rather low as evidenced by its
existence as a liquid at room temperature, in sharp contrast to the other
metals. Such an incorporation of Hg atoms can lead to a change in the
dielectric behavior as well as surface electronic structure of the Au,
Ag, and the alloy nanoparticle, leading to the modification of the

wavelength of their surface Plasmon absorptions.

In a typical experiment as shown in Figure 4.1, when a drop of
a solution containing Hg (II) ion is added into a dispersion of Ag NPs

prepared by the glucose reduction, the colour of the Ag NP dispersion
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changes from yellow to colourless. The spectra of Ag NPs give a
maximum absorption peak at around 402 nm, which gets blue shifted

upon the addition of Hg (II) solution.
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Figure 4.1. The UV-Vis spectra of colloidal Ag NPs showing a Ay at
402 nm (Black line) and that after amalgamation (Red line).

Similar experiment was carried out with a dispersion of Au
NPs, which absorption peak is ruby red in colour and one observes a
colour change from ruby red to orange yellow, qualitatively, upon the
addition of a few drops of Hg(II) ion. The characteristic Ap.x of 530 nm
obtained for the Au NP dispersion is blue-shifted to 493 nm. The UV-
Visible absorption spectra corresponding to the Au NP dispersions

before and after the addition Hg (II) ions are presented in Figure 4.2.
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Figure 4.2. UV-Vis spectra of colloidal Au NPs showing A at
530 nm (Black line) and that after amalgamation having An.x at 493nm
(Red line).

4.3.2 Spot Test

Even though there is a clear blue shift for the A, of both the
Au and Ag NPs, it is observed that the colour change cannot be
demarcated by the naked eye in the case of the AuNP dispersion
because the blue-shifted absorption is still in the visible region of the
spectrum. On the other hand, the bright yellow colour of Ag NPs will
vanish or completely shift from the Visible to the UV region upon
upon treatment with mercury, enabling the use of Ag NP dispersion an
ideal candidate as a sensor for the naked eye detection of Hg (II) ion

and thus, ideal for the Thus it also becomes a spot test identification
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of detection of Hg (II) ions by a spot test. Although there are many
sophisticated instrumental methods for the analysis and estimation of
various metal ions in solutions containing mixture of metal ions, it is
highly desirable to have simple and novel experimental methods for
their in-situ identification and confirmation in the qualitative inorganic
analysis. Since the preparation of Ag NP dispersion is a simple and
straightforward one-step process that can be carried out in any simple
chemistry lab, such spot test detection can find useful for the detection

or confirmation of Hg (II) ion in the undergraduate labs. 97-107

It is also important that spot test should be highly selective and
specific to a particular metal ion. In many cases, such spot tests can
even serve as simple and low-cost methods for the in-situ, naked eye
detection of metal ions at low concentrations for a range of
applications including the testing for toxic metal ions in drinking
water. "M% The spot test for Hg(I) ions is also highly useful in
providing a classic, class room example for how surface Plasmon
absorption from metal nanoparticles can serve as in important tool for
sensing and for explaining how the Plasmon absorption gets modified

by changes in the surface electronic structure of metal NPs.
4.3.2.1. TEM Analysis

The high resolution TEM image of the Ag NPs synthesized
using glucose reduction is given below. The image confirms the
formation of Ag NPs with average particle size ranging from 20-40

nm.

71



Chapter 4 Plasmonic sensing of Hg (1I) ions using Gold, Silver and
Gold - Silver Alloy nanoparticles

Figure 4.3: High-resolution TEM image of the Ag nanoparticles
formed.

This spot test identification is highly cost effective and simple.
An added advantage is that the synthesized Ag NPs can be preserved
in the laboratory for 4-5 months without affecting the sensitivity of the
experiment. In addition to the possibility of the glucose reduction of
Hg (II) ions, it is also believed that two silver atoms react with one
mercuric ion, which carries a two-fold positive charge, to produce two
silver ions, which go into solution, and a neutral mercury atom, which

is taken up by the metallic silver particles. "'

72



Chapter 4 Plasmonic sensing of Hg (1I) ions using Gold, Silver and
Gold - Silver Alloy nanoparticles

Ag NP Hg (1) Ba(l1) Ca(ll)
Cd(y Co(ll) Cr(l11) Zn(l)
P & 2
- + '.
Fe(111) Mg(IT) Mn(I1) Ph(ll)

Figure 4.4: Optical response of the aqueous dispersion of Ag NPs with
the various metal ions.

The as-prepared colloidal suspension of Ag NPs (4mL) was
treated with one drop of Hg(II) ions (10°N). The optical response was
noticed. The experiment was repeated to quantify the response of
Hg(Il) ions with Ag NPs by taking Hg(I) ion solutions in the
concentration the range 2.4 x 107 to 2 x 10 ¥ mol/L. It was noticed
that even a minimum concentration of 1.11 x 10~* mol/L of Hg(Il) is
sufficient to cause complete disappearance of the yellow colour of Ag
NPs. The as-prepared colloidal suspension of Ag NPs (1 or 2 drop)
was taken in one trough in a spot plate, and to this bright yellow
dispersion, a drop of Hg(Il) ion solution was added and it was
observed that the yellow colour of the Ag NPs vanished almost

instantaneously.

The selectivity of the method towards the sensing of Hg (II)

ions, experiments were also carried out with different metal ions. The
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possibility of interference from other metal ions or masking is also
investigated. The photographic image of Ag NPs treated with common

interfering ions is given below.

To this objective, the same experiment was carried out with
different common metal ions such as Mg(Il), Cu(Il), Fe(Il), Ba(Il),
Cd(II), Pb(II), Cr(III), Co(II), Mn(II), Zn(Il) and Ca(II). None of the
above metal ions showed a colour change as observed in the case of
Hg(II), ensures the selectivity of Ag NPs to Hg(II) ion demonstrating

its reliability as a characteristic tool for the spot test of Hg(II) ion. 12

115

The intensity of the Plasmon absorption is also found to
decrease with increasing mercury concentration. ''® The blue shift was
in proportion with the Hg (II) concentration over the range from 2.4 X
107 to 2 x 107 mol/L. The characteristic peak was found to become
broadened and red shifted when other cations were used instead of Hg
(IT). When Hg (II) ion was added to the colloidal Ag NPs solution, the
excess glucose present in the colloidal Ag NPs solution reduces Hg (1)
ions to Hg (0) atoms. As formed Hg (0) atoms tend to wrap around Ag
NPs to form amalgam which absorb at a lower wavelength leading to a

blue shift in the absorption spectrum.
4.3.3. Mercury detection using Ag NP Strip

From an operational point of view, it could be even more
advantageous to prepare plasmonic paper strips tethered with Ag

nanoparticles. This is particularly so in the case of the detection of
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Hg(I) ions in water sources to ascertain the safety of drinking that
water. For this purpose, we have prepared Ag NP strips which can be
directly dipped in water. The strategy for the preparation of of Ag NP
strip using the anti-solvent precipitation of the Ag NPs on to the
Whatman filter paper is explained in chapter 3. These strips also found
application for detecting mercuric ions. The preparation of Ag NP strip
involves introduction of 10ml of acetone into Ag NP dispersion
prepared as above. Acetone-water interaction is greater than water- Ag
NP interaction, so that acetone pulls out water molecules causing the
Ag NPs to settle down. These nanoparticles can be uniformly coated
onto a membrane filter to form a thin layer simply by filtration of the
nanoparticle dispersion. It is then dried well and can be used as test
strip for detecting mercuric ions. The Field emission SEM image of the
paper strip deposited with Ag NPs was presented in Figure 4.5. We can
clearly see cubical nanoparticles with an average particle size around

200 nm.

PU-SAIF 15.0kV 11.8mm x15.0k SE(UL)

Figure 4.5. FE-SEM image of deposited Ag nanoparticles.
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The UV-Visible diffuse reflectance spectra of the strips before
and after treatment with Hg (II) ions are presented in Figure 4.6. The
surface plasmon absorption band showing a An.x at 421 nm clearly
indicates the formation of Ag NPs. The as-prepared Ag NP test strip is
then treated with Hg(II) ions (10°M). The optical response was
noticed. The yellow colour of the test strip disappeared gradually with
increasing volume of Hg(II) ion solution. The absorption intensity is
also found to decrease with increasing mercury concentration. The
blue shift was in proportion with the Hg (II) concentration. After some
time, the peak at 421 nm gets completely disappeared and is shifted to

a lower wavelength region, known as blue shift or hypsochromic shift.
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Figure 4.6. UV-Vis DR spectra of Ag NP test strip showing a Amax at
421 nm (Red line) and that after treatment with mercuric ions (Blue
line).
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To check the selectivity of Ag NP test strip towards mercuric
ions, it is then treated with various common interfering metal ions such
as Mg(II), Cu(Il), Fe(II), Ba(II), Cd(II), Pb(1I), Cr(III), Co(II), Mn(II),

Zn(1II) and Ca(II). The concentration of metal ions taken was 10~ M.

(a) (b)

Figure 4.7. Ag NP test strip, (b) After treatment with 10~ M Hg”".

It is found that only mercuric ions decolorize the Ag NP strip.
No such colour change is observed upon treatment of the Ag NP film

with other metal ions.

4.3.4. Spectrometric detection of Hg(II) ions using Au, Ag and

AuAg alloy nanoparticles

Although Au and AuAg alloy nanoparticles do not present
drastic visual changes as in the case of the Ag NPs, they show
significant change in the Ay, values and can be followed using
spectrometric methods. As discussed in the introduction of this
chapter, the alloy nanoparticles are inherently more disordered and are

more amenable for the diffusion of the Hg (0) atoms and thus one can
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optimize the alloy composition that provides the maximum shift in the

Amax Values.

The Au, Ag and Au-Ag alloy NPs of all the varying
compositions were prepared using the method discussed in Chapter 2
by the co-reduction of Au(IIl) and Ag (I) ions to the Au (0) and Ag (0)
which cluster kinetically to form the alloy structures. Since there are
significant differences between the Au and Ag atoms, one could expect
some sort of microscopic heterogeneity in these alloy clusters. One
would expect that this can lead to modifications in the value of Apax
and particularly, this can lead to interesting concentration-dependent

changes with the amalgamation with Hg (0) atoms.

The effects of the modified surface electronic structure and
effects due to the diffusion of the Hg (0) atoms into the interior of the
disordered alloy nanoparticle lattice can be followed using the UV-Vis
spectroscopy. Typically, one would expect that the introduction of
Hg(0) on the surface of the alloy nanoparticles will modify surface
electronic properties and reflect in a blue-shift in their SPR absorption,
as observed in the case of the Ag NPs. However, with diffusion of the
Hg(0) to the interior, the surface structure will have lesser number of
Hg atoms and this will push the Plasmon absorption to higher
wavelengths. One also needs to consider the change in the dielectric
constant of the metal or alloy nanoparticle as a result of the diffusion
of the Hg atoms into the host lattices. These competing effects can
make the situation more complex. However, it will be intriguing to
investigate these effects as a function of the Hg(0) concentrations. At

lower concentrations, the first effect will be more dominant and one
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would anticipate a linear dependence of Ayax or with the concentration
of Hg(0). A plot of Am.x for Ag NPs with the concentration C in the
range range from 2.4 x 107 t0 2.0 x 10~ mol/L is presented in Figure

4.8. As expected, linear relationship is observed between Anax and C.
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Figure 4.8. Linear dependence of An.x values of Ag NPs upon
treatment with Hg(II) on the concentration of mercuric ions.

At higher concentrations, the linearity will be broken and one
observes a maximum value for An.x above which, we observe a red-
shift in the Anax. The maximum blue shift occurred when the Hg (II)
concentration was 6.98 X 10” mol/L in the case of gold and alloy NPs.
Accordingly the colour change was also maximum for 6.98 X 107
mol/L. After that, the extent of blue shift was found to be decreased,
i.e., after reaching a particular concentration of mercury, turnover is

observed for the value of A Similar trends were observed for all the
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MNPs such as Au, Ag and alloy NPs. We have plotted the A, values
of all the compositions against the mercuric ion concentration and it is
given below. Plots of Aya.x Vs concentration of Hg2+ ions for Ag NPs,
Au NPs and Au-Ag alloy nanoparticles are presented in Figure 4.9.
One observes a dependence of A, (the difference between the Apax
for the metal nanoparticle before and after treatment with Hg(II) ions)
at the turnover point with the alloy composition. Also, one observes a

dependence of the turnover concentration with the alloy composition.
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Figure 4.9. Plots of Ay.x Vs concentration of Hg2+ ions for Ag NPs, Au
NPs and Au-Ag alloy nanoparticles.
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It is seen from figure 4.9 that there is a turnover concentration
of Hg(II) ions, below which there is a blue shift with the concentration
of Hg(Il) ion and above which there is a red-shift. This can be
explained by considering the mechanism as a two-step process. The
first process is that the mercuric ions get wrapped around the metal
nanoparticles, forming a core-shell like structure ''7 and as they have
totally different dielectric properties, this will lead to a blue shift in the
absorption wavelength. At lower concentrations of mercury, there is
more density of mercuric ions on the surface of the nanoparticles as

evident from the characterization studies causing larger blue shift. ''®

In the next step, there occurs diffusion of mercuric ions into the
core of the metal nanoparticle, causing less blue shift. These two
competing phenomena are responsible for the crossover that we see at
higher con concentrations of mercury. Especially when we take higher
concentrations of mercuric ions, the diffusion process will the major
contributor leading to a slight red shift. The maximum value of blue
shift (Almax) obtained for the different compositions are plotted in the

image given below.
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Figure 4.10. A histogram showing the values of Plots of Ay, Vs.
concentration of Hg®' ions for Ag NPs, Au NPs and Au-Ag alloy
nanoparticles.

From Figure 4.10, it is seen that that 3:2 (Au:Ag) alloy
nanoparticles show the maximum value for A\« indicating that these
systems will be superior systems for the spectrophotometric detection
of Hg (II) ions. This could be due to higher degree of

microheterogeneity for this alloy composition.
4.3.5. Interference studies with common metal ions

The photographic images of the silver, gold and 3:2 AuAg
alloy nanoparticles treated with common ions is shown in the figure

given below.
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Figure 4.11. (a) Colour change of Ag NPs in the presence of various
metal ions. (b) Colour change of Au NPs in the presence of various
metal ions and (c) Colour change of 3Au:2Ag NPs in the presence of
various metal ions. Only Hg”" is found to give blue shift of the
maximum absorption peak.

Noble metal nanoparticles are found to be extremely selective
towards mercury and hence they can be considered as a better
candidate for mercury detection and no other common metal ions are
found to interfere in the process and the selectivity profile diagram is

provided in the figures given below.
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Figure 4.12. Selectivity of mercury over other common metal ions
upon the amalgamation of (a) Gold nanoparticles and (b) 3Au:2Ag
alloy nanoparticles. The concentration of metal ions used here is 6.98
x 10~ mol/L.
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Surprisingly the alloy composition 3Au: 2Ag give maximum
shift of the absorption peak up to 65 nm. The colour change was from
brown to yellow and can be easily detected with the naked eye,
although the contrast is not as good as in the case of the Ag NPs. The
other alloy compositions give intermediate results. Thus, it may be
inferred that the alloy composition 3Au: 2Ag is the most suitable alloy
composition for the photometric sensing of Hg (II) ions. While Au and
Ag NPs give the Alyax values of 32 nm and 23 nm respectively, the 3:2
AuAg composition gives a Ahyax of 65 nm.

Although it was found that 3:2 AuAg is better towards mercury
sensing on account of the higher AAnn, a UV-Visible
spectrophotometer is required for the detection and is not that easily
detectable with naked eye when compared to the colour contrast that is

achieved with Ag NPs.
4.3.6. The Influence of pH

In order to investigate the influence of pH on the sensing ability
of the various metal and alloy nanoparticle substrates, we carried out
the above experiment at various pH values ranging from 4 to 10 and
the absorption peak was taken. It was found that the optical response
was highly dependent on the pH of the solution. By using the Ksp of
Hg(OH),, it was calculated that the deposition of Hg(II) would occur
when the pH becomes higher than 6.24. Generally amalgamation is
favoured when the pH becomes greater than 7(at the basic condition).

The extent of blue shift increases with increase in the pH.
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But the disappearance of yellow colour of Ag NPs upon
treatment with Hg(I) was most prominent at lower pH indicating that
lower pH would be ideal for spot tests. However, the Ag NPs have
higher tendency to go into solution as Ag' ions (unlike Au NPs).
[Hg(I)] ions have higher reduction potential(+0.85 V) than the Ag"
ions(+0.80 V), resulting in the conversion of Ag NPs into Ag' ions,
thus going into solution. So, practically, neutral pH would be more

suitable for the spot test. '’

4.4. Conclusions

Metal nanoparticles act as a good probe for the selective
sensing of mercury as they are able to shift the LSPR towards higher
wavelength region upon amalgamation. We propose a simple, cost
effective and highly selective spot test for Hg (II) ion by using starch
stabilized aqueous colloidal Ag NPs prepared via green methodology.
The spot test can be used for sensing trace amounts of mercury content
in water samples. The method was efficient to detect even 1.11 x 107°
mol/L of Hg (II) content. Since Ag NPs show a drastic color change
from bright yellow to colorless, this could serve as a probe for the
naked eye detection of Hg (II) ions as well as the substrate for spot
tests for the selective detection of Hg (II) ions. We can also use Ag NP
dispersions as well as papers tethered with Ag NPs for the Sensing of
Hg (II ions). AuAg alloy NPs with a composition 3:2 atomic ratio
show presents the best values for Alyax suggesting that these systems
will be the most suitable for the spectrophotometric detection of Hg

(1) ion.
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Chapter 5 Plasmonic Sensing of Hydrogen Peroxide Using
Copper@Graphene Oxide Nanocomposites

5.1. Introduction

Carbon nano-structures have been one of the most involved
research areas in nanoscience and technology in the past two decades.
Although the structure-property correlations for graphite and diamond
had been one of the most fascinating aspects of structural chemistry
and physical chemistry, it was the discovery of fullerenes and their

derivatives that revolutionized the interest in the Carbon chemistry. 2"
123

The bucky ball (Cgp) was one of the most fascinating structures
created by the scientists. Afterwards, the discovery of carbon
nanotubes and graphene generated much interest in the carbon
chemistry and gave birth to many advanced functional materials.
Graphene is in fact planar two-dimensional molecule with all sp’
carbon atoms that forms a single layer of graphite. These
nanostructures of carbon, often coupled with hetero atoms, form
structurally and functionally important nano systems such as graphene
oxide(GO), Graphene, carbon dots, fullerenes etc with applications in
diverse fields such as molecular sensing, medicine, drug delivery,

. . . 124, 125
advanced catalysis, photo voltaic devices, etc.

Graphene consists of a two-dimensional, single layer of sp’
hybridized carbon atoms. It is found to possess various unique
properties owing to their high specific surface area; high sorption
capacity and large delocalized pi-electron system which can easily

form bonds with benzene ring system. '2® Due to the lack of functional
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groups on the surface of the graphene, the interaction with metal ions

is poor.

Graphene oxide(GO), the precursor of graphene, on the other
hand, bears several oxygen-bearing functional groups on its hexagonal
two dimensional carbon network which makes it highly hydrophilic in
nature. '?7 It is highly dispersible in water. The presence of oxygen
allows them to show both electrostatic and co-ordinate interaction with
several metal ions. This property makes it suitable for chemical and
biological sensing. GO nanosheets are employed to disperse and
stabilize nanoparticles, which is possible due to the surface functional
moieties (—-OH, C—O-C, and —COOH) on GO that acts as the reactive
sites for the nucleation and binding of metal nanoparticles. GO sheets,
exfoliated from graphite oxide, bears enormous number of oxygenated

functional groups such as epoxy, hydroxyl and carboxyl groups. '2*'%

There is abundant number of literatures about the applications
of carbon based materials in diverse fields. Carbon based nanoscale
building blocks such as nanotube, graphene oxide, graphene etc
possesses high surface area, mechanical strength, electrical
conductivity, biocompatibility and low cost of preparation. Graphene
oxide (GO), is the oxidized form of graphene with disorder on the
basal planes and edges in its two dimensional hexagonal structure. **
The presence of covalent oxygen functional groups provides high
mechanical strength and also molecular-level chemical sensing

capability.
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These functional groups are better sites for the growth of
inorganic nano-structures. Carbon based nanostructures decorated with
metal nanoparticles are better for several applications and some may
even possess novel properties than the individual particles. The tuning
of size, morphology, and dispersity of the NPs could be more effective
when GO sheets are used as support. The GO sheets with large specific
surface area provide more sites for the nanoparticles to form. The
Ag@GO composites have been vastly reported for the past few years,
and have been found to possess interesting applications compared with
free Ag NPs. “** GO nanosheets loaded with Ag NPs can be
synthesized by adopting various methods such as pulsed, microwave,

and sonication methods. !

In recent years, copper nanoparticles have gained increased
attention due to their interesting properties and low cost of preparation.
It finds application in Catalysis, conductive inks and sensing
applications. The possibility of utilizing the Cu nanoparticles for the
detection of Hydrogen Peroxide (H,O,) is presented in Chapter 5.
Copper nanoparticles are reported for the optical sensing of hydrogen
peroxide. Hydrogen peroxide will oxidize Cu” onto Cu®" and it will go
into the solution and as a result the reddish brown copper nanoparticle

colloid will get decolorized. '**

Hydrogen peroxide sensing using bare Cu NPs is not reliable as
any disturbance that will destabilize the Cu” such as even a pH change
can decolorize the solution. We tried to incorporate copper

nanoparticles onto graphene oxide to synthesize hybrid nanomaterial
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and checked whether it is showing any enhanced sensing capability
towards hydrogen peroxide. Hydrogen peroxide (H,O;) is the simplest
peroxide, which is miscible with water and is widely used as an
oxidizer, bleaching agent and an antiseptic. The peroxide ion will

cause the oxidation of proteins, membrane lipids and DNA. '#

Hydrogen peroxide toxicity is via three main mechanisms:
corrosive damage, oxygen gas formation and lipid peroxidation.
Exposure to concentrated H,O, may result in local tissue damage as it

144 Therefore fast and reliable detection of

is a well known caustic.
H,0, at ultra trace level is of great importance. There are some papers
describing the usage of noble metal nanoparticles, mainly silver NPs
for the colorimetric sensing of H,O,. 1459 1t was found that Cu NPs
and carbon nanoparticles decorated with Cu NPs are highly efficient
for the detection of hydrogen peroxide. But all of them are

electrochemical sensors. 3%

In this paper we present a low-cost facile approach for
synthesizing copper-graphene oxide nanocomposite (Cu@GO) and its
application towards the optical sensing of H,O,. As Ag@GO possesses
interesting applications in sensing, we tried to incorporate copper
nanoparticles onto graphene oxide and studied its applications towards
sensing. From our studies, Cu@GO composite is found to be an
excellent colorimetric sensor for sensing highly reactive oxygen
species such as hydrogen peroxide. The Cu@GO dispersion was
prepared by reducing copper (I1) sulphate using sodium borohydride in

presence of GO, under ultrasonication. Ascorbic acid is used as the
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stabilizing agent. NaBH; reduces Cu®" into Cu’ which is then
stabilized by the functional groups present in GO. The color changes
from light brown into dark olive green. The formation of copper
nanoparticles protected by GO was confirmed by the characteristic
surface plasmon resonance (SPR) band at 598 nm in the UV-Vis
absorption spectrum. Copper nanoparticles synthesized in the absence

of GO shows an absorption peak at 567 nm. >

We are mainly relying on the shift in the SPR of Cu@GO
dispersion upon treatment with H>O, for detecting its presence in the
sample. The fabricated materials were further characterized using
scanning electron microscopy (SEM), energy-dispersive X-ray analysis
(EDAX) and Fourier transform infrared spectroscopy (FT-IR). The FE-
SEM images showed that the synthesized Cu@GO nanocomposite
were spherical in shape with size ranging from 50nm to 80 nm. After
the addition of H,0, into the Cu@GO, the peak at 598 nm is found to
disappear and a new peak emerges at 388 nm, which becomes more

intense with higher H,O, concentrations.

5.2. Experimental

5.2.1. Chemicals and materials

Chemical reagents Copper Sulphate (CuSQ,), Graphite flakes,
Sulphuric Acid (H,SO4, 98%), Potassium Permanganate (KMnOy,
99.9%), Phosphoric acid (H;PO4, 85%) and Hydrogen Peroxide (H,O,,
30%) were purchased from Merck. L(+)-Ascorbic acid (AA) was

purchased from Sisco Research Laboratories, Sodium Borohydride
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(NaBH4) is from Sigma-Aldrich. All the chemicals used were of

analytical grade and used without further purification.
5.2.2. Preparation of Cu@GO Nanocomposite

The preparation method of Cu@GO nanocomposite was as
follows. Initially, GO was prepared by modified Hummer’s method. '*
About 3 mg of GO was dispersed in 10 mL of DI water using a
sonicator at 50 W in a RB flask. Then, added 500 pl of CuSO4 (0.01 N)
and 500 pl 0.01N Ascorbic acid to the above solution and is sonicated
again for another 10 min. After that, 500 pl of 5 mM freshly prepared
sodium borohydride (NaBH,4) solution was added to the CuSO4-GO
mixture. The colour of the solution initially changes to blackish brown,

then into olive green. Sonication is continued for another 10 more

: . 2+ . 0
minutes to ensure complete reduction of Cu™ into Cu".

Cu NPs are synthesized by adopting the same method, but
without the addition of GO.

5.2.3. Instrumentation

A bath sonicator operating at (500 W, 50 Hz) was used for
synthesizing Cu@GO Composite. Absorption spectra were measured
by using V-550 JASCO UV-Visible spectrophotometer. The FT-IR
measurements were carried out in JASCO FT-IR 4100 model. A drop
of the sample was put in a transparent KBr pellet and allowed to dry.
Then the spectrum was recorded in the transmittance mode as a

function of the wave number ranging from 400 to 4000 cm™. High
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resolution scanning electron microscopy (FE-SEM) images were
obtained from a CARL ZEISS GEMINI FE-SEM 300, operating at 200
kV. For this, 10 puL of the sample solution was dropped on a glass plate
and allowed to dry and the scanning microscopic image is recorded.
The EDAX analysis was obtained using AMETEK Octane Plus model.
The FT-IR spectra were collected using Jasco FT/IR-4100 model.

5.3. Results and Discussion
5.3.1. Characterization of Cu-GO Composite
5.3.1.1. Optical studies:

The formation of copper nanoparticles can be observed visually
as it gives a dark reddish-brown color. The Cu@GO composite is
found to appear as an Olive green solution. The surface plasmon
resonance peak of Cu@GO Nanocomposite was at 598 nm, whereas
that of copper nanoparticles synthesized without GO has SPR at

around 567 nm and has a reddish brown color.
5.3.1.2. UV-Vis Spectroscopy:

The absorbance of the sample solution was measured using a
Jasco V-550 UV-Vis spectrophotometer with de-ionized water as the
reference over the range of 300 to 900 nm. The UV-Visible
spectroscopy of Cu NPs shows a surface plasmon resonance pear at

around 567 nm and appears brown in color. But, in the case of
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Cu@GO composite, there is a SPR peak at 598 nm and it appears as

olive green in colour.

The UV-Visible spectra of Cu NPs and CU@GO composite are

given in the figure 5.1.
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Figure. 5.1. (a)UV-Visible Spectroscopic image of Copper
nanoparticles reduced by NaBH,4 in presence of Ascorbic acid has an
SPR at 567 nm and (b)Copper nanoparticles synthesized in presence of
graphene oxide and Ascorbic acid has an absorption maximum at
598 nm.

5.3.1.3. EDAX analysis: Energy-dispersive X-ray spectroscopy
analysis was done to get an idea about the elemental composition of

the fabricated material.

94



Chapter 5 Plasmonic Sensing of Hydrogen Peroxide Using
Copper@Graphene Oxide Nanocomposites

cps/ev

80
70

60

404 ©
& cu B Cu

30+

20

Figure 5.2. EDAX spectrum of Cu@GO coated on an aluminum sheet.

As can be seen in the EDAX spectrum, there are peaks at
around 1 keV and 8 keV belonging to Copper. Other elements such as
carbon (C) has peak at 0.2 keV and that of oxygen appears at 0.5 keV.
The appearance of carbon and oxygen peaks confirms the presence of
graphene oxide in the sample. The EDAX thus obtained was used for
the elemental analysis. It contains Copper (1.08%), Carbon (26.72%)
and Oxygen (24.18%) respectively which is confirmed by the EDAX
spectrum. The composite formation was confirmed by EDAX. There is
a peak correspond the element Cu, confirming the existence of metallic
Cu NPs on the surface of the GO nanosheets. The presence of O
indicates the several oxygen-containing functional groups in the GO,

which remain unreduced during the Cu@GO composite synthesis.
5.3.1.4. FT-IR Studies:

To identify the presence of graphene oxide in the Cu@GO
composite, we carried out the Fourier transform infrared spectroscopic

analysis. The characteristic FTIR spectrum of GO nanosheets is shown
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in the figure 5.3. The intense peak at 3467 cm™ is attributed to the O-H
group stretching vibration. The absorption bands at 1635 cm™ can be
assigned to C=0O stretching of carboxylic and/or carbonyl moiety
functional groups. The absorption peak at 1038 cm™ is assigned to the

C—O stretching vibrations.

Absorbance

-0.1 T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000

Wavenumber(cm1)
Figure 5.3. Fourier Transform Infrared Spectrum of (a)Graphene
Oxide, (b)Cu@GO Composite.

The FT-IR spectrum of Cu@GO has the same peaks as that of
graphene oxide, indicating that GO has not been reduced by the
ascorbic acid and NaBH, present in the solution. So the fabricated
material is confirmed to be Cu@GO, not Cu@rGO (where rGO stands

for reduced graphene oxide).
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5.3.1.5. Scanning Electron Microscopic Analysis:

In this study, the fabricated Cu@GO composite was
characterized by using scanning electron microscopic analysis, which
can provide better information about the size and morphology of the
fabricated nanoparticles. The FE-SEM image of Cu@GO is given

below.

200 nm EHT = 200kV Signal A= InLens Date :22 Dec 2017 ZEISS

WD= 3.5mm Mag= 5206 KX Time :15:15:07

Figure 5.4. Field emission scanning electron microscopic (FE-SEM)
image of Cu@GO composite. The unique crumpled and wrinkled
structure of Graphene oxide is evident from the image (arrow mark).

It was observed that the fabricated Cu@GO composite have
size lying in the nano range. It was found that they are all well
dispersed without aggregation. The FE-SEM images of the fabricated

Cu@GO nanocomposite showed that it has a spherical shape with size

ranging from 50 nm to 80 nm. The unique crumpled and wrinkled

97



Chapter 5 Plasmonic Sensing of Hydrogen Peroxide Using
Copper@Graphene Oxide Nanocomposites

surface of graphene oxide which enables them to be a better substrate
for surface modification is evident from the SEM image given below.
Copper nanoparticles are distributed well dispersedly on the surface of
GO sheets. The size of these nanoparticles lies in the range 50-80 nm.
There is possibility that since the GO and copper ions are having
opposite charges, Cu NPs can interact with the GO sheets through
various ways such as physisorption, charge transfer or electrostatic
attraction, leading to different sized nanoparticles. The high dispersity

is expected to improve the sensor sensitivity.
5.4. Optical sensing of Hydrogen peroxide
5.4.1. UV-Vis Spectroscopy:

The optical detection of oxidizing species such as Hydrogen
peroxide was carried out wusing Jasco V-550 UV-Visible
Spectrophotometer. The calibration characteristics of H,O, using
Cu@GO as an optical sensor were studied. This was performed by
adding varying amounts of 0.1 M H,O, to the prepared Cu@GO
composite and by taking the UV-Visible Spectra. 2 mL of Cu@GO
was taken in a bottle and added varying amounts of H,0O,, shaken well,
and allowed to a react. The formation of bubbles in the solution was
observed, due to the decomposition of H,O, by the Cu@GO
Composite. After that the absorption spectra of Cu@GO solution
containing different amounts of H,O, was recorded and analyzed. The
UV-Visible spectrum of Cu@GO showing SPR at 598 nm and that

after treatment with H,O, is given below.

98



Chapter 5 Plasmonic Sensing of Hydrogen Peroxide Using
Copper@Graphene Oxide Nanocomposites

3.5
Cu@GO
3.0 25mM HO,
5mM H,0,
2.5 (388 nm) 20mM H,0,
o 25mM H 0,
3]
c 2.0 50mM H_O
N 272
-g 100mM H,0,
@ 1.5 150mM H 0,
< (598 nm) 200mM H 0,
1.0 4
0.5
0'0 1 1 1 1 1 1
300 400 500 600 700 800 900

Wavelength(nm)

Figure 5.5. Cu@GO nanocomposite showing SPR at 598 nm and the
disappearance of SPR upon treatment with H,O, solution and the
emergence of a new peak at 388 nm.

From Figure 5.5, it is clear that the SPR at 598 nm vanishes
after treatment with H,O, and it is observed that a new peak emerges at
388 nm and the solution turns yellow in colour. The corresponding

UV-Visible spectra are given in Figure 5.6.
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Figure 5.6. UV-Visible spectra of Cu@GO dispersion with varying
concentrations of H,O,.

The photographic image of the Cu@GO dispersions before and

after the treatment with H,O, is presented in Figure 5.7.
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Figure 5.7. Photographic image of Cu@GO composite (a) before and
(b) after treatment with H,O,.
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A higher concentration of H,O; solution causes a higher color
change of Cu@GO composite and can even be observed with the
naked eye; the color change is directly proportional to the amount of
H,0; solution added to the dispersion. As the colour change from olive
green to yellow is proportional to the amount of H,O, used, we plotted
the absorbance (Amax) at 388 nm against the concentration of H,O, and

the plot is shown in the Figure. 5.8.
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Figure 5.8. The plot showing the dependence of the absorbance at Ay
against H,O, concentration.

It is observed that the curve is linear at lower concentrations of
H,0, and after reaching an optimal concentration of H,O,, the

difference in the absorbance becomes less significant.

We have done the same experiment with bare Copper
nanoparticles. Copper nanoparticles are prepared by taking 500 pl of
CuSOy4 (0.01 N) and 500 pl 0.01N Ascorbic acid in a round bottom
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flask and is sonicated for 5 min. After that, 500 pl of 5 mM freshly
prepared sodium borohydride (NaBH4) solution was added to it. The
colourless solution immediately changes to reddish-brown. Sonication
is continued for another 10 more minutes to ensure complete reduction

of Cu®" into Cu’. The Cu NPs shows SPR at around 567nm.

It is found that the Cu(0) will undergo oxidation into Cu*
upon interaction with hydrogen peroxide and will go into the solution
and the color of the solution changes from reddish-brown to very light
blue(practically colorless). The UV-Visible spectra of CuSO; solution,
Cu NPs and Cu NPs after treating with hydrogen peroxide are shown

below.
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Figure 5.9. UV-Visible Spectra of (a) Cu nanoparticles, (b) Cu”" ions
and (c) Cu NPs after treatment with H,O,.
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The photographic image of Cu NPs before and after treatment
with H,O; is given below. The disappearance of color of Cu NPs is

very evident from the image.

Figure 5.10. Photographic image of Cu NP (a) before and (b) after
treatment with H,O,.

The UV-Visible absorption spectrum of Cu NPs upon treatment
with varying concentrations of H,O, is given in the figure 5.11. Here
also there is loss of SPR upon interaction with peroxide as expected.
But no yellow coloration is observed here and no new peak at around
390nm, instead the solution decolorizes as copper nanoparticles get

. . +
oxidized onto Cu’". 142
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Figure 5.11. UV-Visible spectra of Cu NPs upon treatment with
varying concentrations of hydrogen peroxide.

5.4.2. Interference Study

It is possible that certain amino acids and common metal ions
may interfere in the sensing of H>O,. So we carried out the experiment
with all these possible interfering species such as Thiamine, Alanine,
Glycine, Cysteine, CaCl,, PbCl,, ZnSO,4, MgCl,, C2042' and HgCl, to
make sure that Cu@GO is specific for H,O, sensing. It was found that
all these species doesn’t produce any visible color change from green
to yellow upon treatment with Cu@GO making it a reliable optical/
colorimetric sensor for H,O, and the photographic image is given

below.
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Figure 5.12. Photographic image of Cu@GO treated H,O, and some
common chemicals that may interfere in the H,O, sensing. (2)Cu@GO
Control, (b)Thiamine, (c)Alanine, (d)Glycine, (e)Cysteine, (f)CaCl,,
(g)PbCl,, (h)ZnSOs, ())MgCly, (1)C2047, (K)HgCly and (1)H,0,. Tt is
well evident that only H,O; is able to produce a yellow color upon
treatment with Cu@GO.

It is observed that only H,0O, is able to change the olive green
colour of Cu@GO composite into yellow. In the case of Cu NPs it
only gets decolorized upon treatment with hydrogen peroxide. So we
can say that Cu@GO is superior for peroxide sensing compared to bare

Cu NPs.
5.5. Conclusions

In the present study, the Cu@GO nanocomposite was
fabricated by a simple chemical reduction method by reducing Copper
Sulphate precursor with Sodium Borohydride and GO. Ascorbic Acid
is used as the stabilizing agent. The synthesized nanoparticle shows an
SPR peak at 598 nm and appears dark olive green in color. The
elemental composition, morphology, and other properties of the

fabricated nanoparticles were characterized by wusing different
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techniques. The Cu@GO NC has spherical morphology with an
average particle size ranging from 50 nm to 80 nm which is confirmed

by the SEM Analysis.

Thus formed Cu@GO dispersion is found to be excellent for
detecting trace amounts of H,O, by monitoring and analyzing the UV-
Visible Spectra. There is loss of SPR and generation of a new peak at
around 388 nm whose intensity is directly proportional to the amount
of H,O, hence beneficial for the quantitative determination of H,0O,.
The color of the solution changes from dark olive green to yellow
enabling the naked eye sensing of hydrogen peroxide also. Bare Cu
NPs which is brown-red in color just decolorizes upon addition of
peroxide. From the results, it is obvious that the SPR characteristics
and color of Cu@GO drastically got changed after H,O, addition
which is directly proportional to the H,O, concentration. Thus we can
conclude that Cu@GO can be synthesized by a simple, fast, and cost-
effective method to be applied as a colorimetric sensor for H,O,

detection.
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6.1. Introduction

Materials in the nanometer dimensions have been the central
theme of materials research in the recent years by virtue of the unique
structure and properties associated with them and the capability of
tailoring smart functional materials that are capable of revolutionizing
most of the conventional disciplines of physics and chemistry with
potential applications in all these areas including biology and
medicine. A fundamental level understanding on the structure-property
relationships in materials science has also been the fruits of this still
evolving nanoscience tree. Among the different classes of nanoscale
systems, metal and alloy nanoparticles have been of special interest

due to their unique optical and electronic properties.

The interest in the optical properties of metal nanoparticles
arises primarily due to their unique surface Plasmon absorptions,
resulting from the resonant absorption of electromagnetic radiation as a
result of the collective oscillations of the surface electrons, which
depend on the size and shape of these particles. It is well established
that it is possible to tune the wavelengths of the Plasmon absorption by
altering the size and shape of these particles. Theoretical models by
Mie, Gan as well as the discrete dipole approximation methods have
enables researchers to tailor the size, shape, and composition of metal
and alloy nanoparticles to obtain the desired absorption. The
nanoparticles of Au, Ag, and other metal nanoparticles have been
widely used in molecular sensing and catalysis because of the high

surface area of these materials in addition to their optical and
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electronic properties. The works presented in this thesis is an attempt
in this direction. We have developed plasmonic platforms for the
detection of metal ions such as Hg (II), organic molecules (by SERS),
and systems such as hydrogen peroxide which have important

applications. The thesis is divided into six chapters.
6.2. Summary of the work

In the Chapter 1, a general introduction to nanoscience is
presented with special focus on metal and alloy nanoparticles.
Historical perspectives and the various theories that form the basis for
the observed properties are presented herein. We have also discussed
the general experimental methods for the synthesis of metal and alloy

nanoparticles.

Advanced instrumental methods, particularly the electron
microscopic techniques are the key to the analysis of nanomaterials.
The different instrumental tools for the characterization of metal

nanoparticle systems are described in Chapter 2.

In Chapter 3, we have presented the preparation of 2D arrays of
metal nanoparticles. Metal nanofilms with high plasmon density are
important in enable nanoparticle-based sensing such as surface-
enhanced Raman spectroscopy (SERS). We propose a slow and simple
anti-solvent precipitation of the metal and alloy nanoparticles from an
aqueous dispersion of the nanoparticles by the slow addition of an ati-
solvent, viz., Acetone. The advantage of this method is that there is no

aggregation of nanoparticles and thus prevents the inter-plasmonic
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coupling between the nanoparticles (which may result in the loss of
SPR) on the deposited film. The FE-SEM images of the 2D reveal an
even distribution of metal and alloy nanoparticles. It is demonstrated
that these two-dimensional arrays of metal and alloy nanoparticles
serves as a powerful substrate for the SERS detection of organic
molecules such as BDT. These films are also shown to be useful for
sensing Hg (II) ions in Chapter 4. A paper strip deposited with Ag NPs
changes color from yellow to colorless making naked eye detection of

Hg (II) ions rather easy.

In Chapter 4, we have presented a green chemical strategy
towards the synthesis of Au, Ag, and Au-Ag NPs and the utilization of
these particles towards various sensing applications. Ag and Au as well
the AuAg alloy NPs of various compositions were made by using
glucose as the reducing agent and starch as the capping agent. The
application of Au, Ag, and AuAg alloy NPs (with different
compositions) for the selective detection of mercury is presented here.
The surface plasmon absorption maximum (Ay.x) of the metal and
alloy NPs undergoes significant shift upon amalgamation with Hg
atoms produced by the reduction of Hg (II) ions. Since Ag
nanoparticles show a notable, visual, colour change from golden
yellow to colourless upon amalgamation, it would be ideal for the
naked eye detection of Hg (II) ions. However, the nanoparticles of Au
and the alloys also undergo significant shift in Am.,x (AAmax) upon
amalgamation. In fact, the 3:2 AuAg alloy composition presented the
maximum value of Aly,,x upon amalgamation. A study on the effect of

pH towards the process of amalgamation was also carried out. The
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interference studies due to other metal ions were also carried out to

understand the selectivity of the method.

Copper nanoparticles too are characterized by a Plasmon
absorption in the visible range. The possibility of utilizing the Cu
nanoparticles for the detection of Hydrogen Peroxide (H,O,) is
presented in Chapter 5. In order to enhance the sensitivity, hybrid
nanomaterials were prepared by incorporating Cu nanoparticles into
the graphene oxide (GO) nanolayers for the selective sensing of
hydrogen peroxide. The SPR of Cu@GO which is observed at the
wavelength 598 nm is disappeared after treatment with peroxide and
also the color changes from olive green to bright yellow enabling
tanked eye detection. UV-visible spectra were taken showing the loss
of SPR upon treatment with peroxide and the emergence of a new peak
at the wavelength 388 nm which will be proportional to the amount of

H,0; used enabling the quantitative analysis.
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