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Preface

The thesis work pertains to synthesis and characterization of Au and Ag microcrystallites
exhibiting interesting crystal structures and optical properties. It is structured into seven

chapters.

Chapter 1 introduces the concept of nanomaterials, their important properties and various
synthetic routes. Chapter 2 describes various tools that have been used for characterization.
The thesis work relies on metal organic complexes as single source precursors obtained by
phase transferring Au and Ag anions from aqueous phase to the organic layer using
tetraoctylammonium bromide (ToABr). The M-ToABr (M=Au, Ag and AuAg) produces
metal crystallites by thermolysis. Chapter 3 deals with new etchants for anisotropic etching
of Au microcrystallites obtained by the thermolysis of AuToABr. Au being noble bearing
isotropic cubic crystal structure, anisotropic or facet selective etching is a challenge.
AgToABr and CuCl, are found to be suitable etchants for selective oxidation of Au{100}
and Au{ll1}facets respectively. The selective etching is shown to generate increased
roughness containing high index nanofacets of high surface energies. Chapter 4 presents a
simple route to probe the local reactivities of various sites, corners, edges and planar sites, of
Au microcrystallites by exposing them to Cu deposition from electroless plating. Detailed
aspects related to Cu island growth on various planar surfaces, its dependency on inter planar
angle and the size of crystallite have been examined. It has been observed that rapid
deposition takes place at sharp corners followed by broad corners, edges and planar surfaces
which has been attributed to the differences in Au-Au bond lengths at various sites. Chapter
5 deals with the synthesis of tapered pentagonal Au bipyramids by thermalizing in air a
mixture of TOABr complexes of Au and Ag. Here Ag acts of shape directing agent while not
alloying with the former. The bipyramidal corrugated microstructures have been shown to
serve for nano-focusing of light and also as SERS substrates. Chapter 6 presents unique
route to synthesize Au bipyramids hosting unconventional crystal structures distinctly
different from the well-known FCC. Au bipyramids synthesized at ~ 220 °C exhibit body
centered tetragonal (BCT) and body centered orthorhombic (BCO) crystal structures. The
non-FCC phases are stable for years at room temperature, and convert to FCC by annealing
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to higher temperature. Chapter 7 describes the synthesis of nanocrystalline micronsize Ag
flower like structures from AgBr obtained by thermal decomposition of AgToABr. They
support wavelength independent SERS activity due to the interconnected Ag nanocrystallites.
Microflowers are shown to be reusable SERS substrates in microfluidic devices to monitor

chemical reactions carried out with microliters quantities of reactants.

In the final pages (Chapter 8), the summary of the thesis and an outlook are provided.
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Chapter - 1

Introduction

About the length scale

In material science, size of the systems is an important parameter, and commonly used terms are
nano, micro, meso and macro where the characteristic length is 10°, 10°, 10 and 102 meters
respectively. In some sense, every macroscopic system is made of micro/nanosystems. In daily
life, we come across many such examples. For instance, size of a butterfly is about 4 cm and the
wings comprise of micron structures separated by a submicron gap, and each microstructure is
made of nanostructures (Figs. 1.1a and b) (1). Similarly talcum powder, used in cosmetics is
made of fine nanocrystallites (Figs. 1.1c and d) (2).

Figure 1.1 Micrographs of (a, b) butterfly and (c, d) talcum powder at different magnifications.

(a and b) Reproduced with permission from ref (1).

Nanoparticles exhibit abnormal physical, chemical and magnetic properties due to their size
confinement. For a nanomaterial, at least one of the dimensions has to be in nanometric regime
and therefore, nanomaterials are classified as 0D, 1D and 2D depending on the number of

degrees of freedom available for the bound electrons in the material. Example: Gold is generally
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yellow in color, however gold nanoparticles due to size confinement exhibit pink/blue color

depending on size (Fig. 1.2a) (3).
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Figure 1.2 (a) Digital camera photos of various sizes of Au nanoparticles in solutions. Plot of (b)
the number of atoms vs. the percentage of atoms located on the surface of a particle, and (c)

melting point vs. diameter of the crystallite. (c) Reproduced with permission from ref (4).

Nanoparticles show thousand times of higher surface area than the bulk material of same mass.
The fraction of surface atoms of a particle (Ps, percentage) can be estimated using the following

equation,
PS:4N'1’3*100, N is the total number of atoms in a particle.

Figure 1.2b depicts the dependency of surface fraction of atoms with total number of atoms in a
particle. The contribution of surface atoms becomes trivial (<1%) only when size of the particle
is about ~ 150 nm. Usually surface atoms have fewer coordination number than the bulk atoms.
It leads to lower the stabilization energy; therefore the melting point of the surface layers comes
down (Fig. 1.2c) (4).



1.2 Shape dependent properties

1.2a Optical properties of metal nanocrystallites
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Figurel.3 Quality factor (Q) of LSPR for a metal/air interface. Reproduced with permission

from ref (5).

metal

aluminum (Al)

copper (Cu)
gold (Au)

palladium (Pd)
platinum (Pt)
silver (Ag)

plasmonic ability

good in UV region

interband transitions below 600 nm
interband transitions below 500 nm;

high quality factor
low quality factor; not suitable for plasmonics
low quality factor; not suitable for plasmonics

highest in quality factor

chemical
stable after surface passivation

easy oxidation

very stable; biocompatible

stable
stable

oxidation; biocompatibilty issues

nanostructure formation

very few nanostructures;
used in lithographic patterning
very few nanostructures

many n anostructures

many nanostructures
many nanostructures

many nanostructures

Table 1.1 Comparison of noble metals for plasmonic applications. Reproduced with permission

from ref (5).

The collective oscillation of conduction electrons is called localized surface plasmon resonance

(LSPR). The conduction electrons of the metal nanocrystallite exhibit coherent oscillation under

light irradiation (see Fig. 1.3). When it happens, an equal amount of restoring force generates

due to the electrostatic interaction between electrons and nuclei. The oscillation frequency is

determined by density of electrons, effective electron mass, and the shape and size of the charge

distribution. The strength of surface plasmon is expressed by quality factor (Q) (5).
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Q 2(81)2

= excitation frequency, &= Dielectric constant, &= imaginary dielectric constant and &= real

dielectric constant.

Among various interesting metals, Ag has the highest Q-factor from visible to near infrared
(NIR) region (Fig. 1.3). In spite of highest Q-factor, chemical instability reduces the possible
applications of Ag nanoparticles. Unlike Ag, Au shows extraordinary stability under various
harsh conditions. Though it has lower Q-factor than Ag, stability makes Au a better plasmonic
material (Table 1.1) (5).

Based on geometry, metal nanoparticles can be broadly classified as spherical and anisotropic
crystallites. Spherical nanocrystallites exhibit a single absorption peak attributed to the dipolar
surface plasmon. Ag nanoparticles exhibit 420 nm (Fig. 1.4a), while Au nanoparticles exhibit ~
540 nm (Fig.1.4b) (6). Dipolar plasmon splits into transverse and longitudinal modes for
anisotropic nanocrystallites. These modes are generated due to the oscillation of e-density along
and perpendicular to the length of crystallites (Figs. 1.4c and d). Among all the possible
nanoparticle morphologies, one-dimensional nanostructures like nanorods, nanowires and
bipyramids have attracted significant interest due to their highly tunable localized surface
plasmon resonance (LSPR). For instance, Au nanorods optical absorption can be tuned from
visible to near infrared region by changing the aspect ratio (6). The Au nanorods with a
pentagonal base and sharp apexes would lead to Au bipyramidal structures refereed as nanorice.
Both nanorods and bipyramids have two surface plasmon resonances namely transverse and
longitudinal modes which arise due to the electron oscillations along the longitudinal and
transverse directions. Since Au bipyramid tips are sharper than those of nanorods, the electric
field enhancement is expected to be more at the tip of the Au bipyramids according to the
lightning-rod effect (Fig. 1.4 e and f) (7). Due to this reason, Au bipyramids could be potential
candidates for SERS.



Scattering (a.u.)

Figure 1.4 (a-d) Extinction spectra of Ag and Au nanocrystallites of various shapes. (e-f) E-field
around the spherical and ellipsoid shaped crystallite. (a-f) Reproduced with permission from refs

(6-9).
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1.2b Catalytic properties

Noble metal nanocrystallites have been extensively used in catalysis application due to high
surface area and stability under harsh chemical conditions. Size, shape and crystallographic
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Figure 1.5 Effect of size (a), shape (b) and surface corrugations (c) on catalytic applicatons. (b,

c) Reproduced with permission from refs (10, 11).




i. Size effect

It is known that smaller the size of particles higher is the catalytic activity. However, at sub 10
nm, size effects may alter; recently Zhou et al. mentioned that ~ 3.8 nm Au crystallites are apt for
p-nitrophenol reduction, while lower (~ 1.7 nm) and higher (~ 8.2 nm) size crystallites exhibit
lesser activity. Similarly Masel et al. have found that ~ 5 nm Ag particles have shown enhanced

catalytic activity for CO, reduction as compared to bulk and 1 nm crystallites (Fig. 1.5a) (12).
ii. Shape effect

Shape of the crystallite influences catalytic activity to a great extent. For instance, Pd
octahedrons show higher activity than cubes for the oxidation of CO. Bhargava et al. have
compared the catalytic activity between spherical, cubic and triangular shaped Ag crystallites of
nearly same size (10). The electrochemical reactivity order is nanocubes > nanospheres >
nanoprisms (Fig. 1.5b) (10).

iii. Crystallographic orientation

Though bulk Au has high coordination number (12), situation at surface is different. Surface
coordination number of low index planes such as {111}, {100} and {110} surfaces are 9, 8 and
7. Hence, the reactivity order is {110} > {100} > {111}. It is understood that catalytic activity of
a surface can drastically increase by reducing the coordination number and the resultant surfaces
are called high index facets. For these facets, one or more of miller indices are higher than one (h
or k or I>2), and these facets comprise of atoms with lowest coordination number (6). Wang et al.
have prepared tetrahexahedral (THH) shaped submicron Pt crystallites enclosed with high index
facets. These crystallites have shown 400% enhanced catalytic activity compared to conventional
Pt/C electrodes (11). Further, synthesis of metal nanocrystallites exhibit high index surfaces and
their possible catalytic applications have been explored (Fig. 1. 5¢) (13).

1.2¢ Surface Enhanced Raman Spectroscopy (SERS)

Raman spectroscopy is not ideal to probe vibration modes of analyte at low concentrations as the
Raman cross section is much less. If a fluorescent dye analyte is under the study, there is a
possibility that Raman signal being masked by the fluorescent back ground due to the high

fluorescence cross section of analyte (10" cm? per molecule). However, the Raman cross
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section can be improved by adsorbing the analyte on plasmonic metal (Au and Ag)

nanocrystallites. Metals like Ag, Au and Cu exhibit SERS properties.

Surface enhanced Raman Spectroscopy

SERS Intensity —p

300 500 700 900
& -1
Raman Shift/cm  —y

Figure 1.6 (a) Schematic illustration of SERS phenomenon. (b-d) TEM image of Au spherical,
rods and flower shaped nanocrystallites. (e) SERS spectra of Na,HSO, adsorbed on

nanocrystallites. (b-e) Reproduced with permission from ref (14).

SERS phenomenon was first observed in 1973 and interpreted in 1977. The vibrational modes of
molecules adsorbed on metal nanocrystallites are enhanced by many orders of magnitude. This
phenomenon is called SERS. The two important enhancement mechanisms underlying the SERS

phenomenon are namely electromagnetic and chemical enhancement mechanisms.



i. Electromagnetic enhancement mechanism

The electric field close to plasmonic metal surfaces is strong due to the surface plasmon
resonance. Any analyte molecule placed near the surface will be under the influence of strong
electric field (Emax), it is the super position of incident field and the dipole field induced at the

metal surface.
ii. Chemical enhancement mechanism

Electronic coupling between molecule and metal leads to formation of an adsorbate-surface
complex, resulting in an increased Raman cross section of the adsorbed molecule in the complex.
This forms a new (charge transfer) electronic transition in the metal-molecule system. This
mechanism has mainly three steps.

The photon is absorbed by the metal nanostructures which results in a hot electron state.

The hot electron gets transferred into the LUMO of the molecule.

The hot electron is transferred from LUMO back to the metal nanostructures.

Return of the electron to its initial state by emitting Stokes photons.

The chemical enhancement mechanism contributes to an enhancement factor of 10 to 100 in

magnitude.

Surface plasmons are strongly dependent on the composition, size and shape of the crystallite,
hence SERS is influenced by these parameters. Numerous simulations studies have been carried
out to understand the intensity of local electric field, and it is found that metal nanoparticles with
sharp surface features host immense electric field at the tips. SERS measurements on various
regular and complex shapes of Au and Ag nano and microcrystallites have been performed. It is
observed that nanorods and 3D structures with sharp tips exhibit higher enhancement than

spherical nanoparticles (Fig. 1.6) (14).
Synthesis of metal nanocrystallites

For synthesizing metal nanocrystallites, chemical, physical and biological methods have been

adopted (Fig. 1.7). Chemical methods provide a great window to alter size and shape of the



nanocrystallites which is difficult with physical and biological methods. However the latter

methods provide ligand free metal nanocrystallites unlike chemical routes.
1.3a Chemical methods

In the past two decades, numerous chemical routes have been developed for preparing metal
nanocrystallites. Importantly these methods involve the reduction of metal ions using various
sources. Few important synthetic methods to prepare plasmonic metal nanocrystallites are

discussed here.

i. Plasmon mediated method

This method is an intriguing method because it depends on the localized surface plasmon
resonance of noble metal nanocrystallites (15). This method is very much different from usual
photochemical reduction, where metal ions are directly reduced to elemental state. It was
introduced by the Mirkin group. Here, size and shape of Ag nanocrystallites can be tailored by
varying the excitation wavelength (16).

Figure 1.7 SEM images of Ag right triangular bipyramids of different shapes obtained by
plasmon mediated route. Scale bar, 100 nm. Reproduced with permission from ref (16)



This method involves, irradiation of appropriate wavelength on reaction mixture which consists
of Ag nanoparticles, Ag(l) precursor, and capping agent. The incident light couples to the LSPR
of Ag nanocrystallites, and cause the formation of hot electrons. The plasmon decay of hot
electrons assists the reduction of Ag(l) to Ag(0) by a reducing agent such as sodium citrate (17).
On the other hand, bis-(p-sulfonatophenyl)-phenylphosphine (BSPP) oxidizes Ag to provide
Ag(l) ions for reduction (18). Nanoprisms of ~ 100 nm were obtained using a fluorescent lamp.
In further studies, size of prisms was maneuvered by excitation with two wavelengths or
controlling the pH of the solution (Fig. 1.8). Larger prisms were obtained by irradiating radiation
of higher wavelength. Generally it is observed that due to size effects, smaller crystallites grow
faster than the larger crystallites until their localized surface plasmon resonance (LSPR) are
suitably red shifted (16).

ii. The polyol synthesis

"B
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204 I

0 T * : -
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Figure 1.8 (a-d) Ag nanocrystallites of various shapes obtained from Polyol method. (a-d)

Reproduced with permission from refs (19-21).
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Among numerous solution based method, polyol route has gained much attention due to its
simplicity and handiness to prepare in bulk quantity. It involves the reduction of metal salts with
polyol and polymer capping agent at moderate temperatures. This method was introduced by the
Xia group. AgNOs, poly(vinyl pyrrolidone) (PVP) and ethylene glycol (EG) have been served as
metal source, capping agent and polyol respectively (21). Continuous generation of reductant
takes place upon heating of EG. In a way the reduction power of EG and reaction temperature
are related. Figure 1.8a shows the effect of reaction temperature on Ag(l) to Ag(0) conversion,
and it is clear that a varied range of reduction rates are possible by altering the temperature. At
early stage of the reduction, small Ag clusters may form from the aggregation of atoms acquired
from reduction of Ag(l) ions. Besides the temperature, additives such as chloride, atmospheric
oxygen (O2) (20) and Fe(ll) (19) also influence the shape of the nanocrystallite drastically.
Various interesting shapes like truncated octahedrons, cubes and penta-twinned Ag nanorods

have been obtained by using polyol method (Figs. 1.8b-d) (21).
iii. Thermal reduction

Nakamoto and coworkers introduced the thermal reduction of metal organic complex, without
the aid of any external reducing agent. It is the only method that provides suitable conditions to
grow nano, micro and sub millimeter crystallites on a desired substrate. Since thermal reduction
depends on thermolysis temperature, size and shape of the crystallites can be tuned drastically.
Au nanocrystallites of below 100 nm were obtained by the thermal decomposition of
[C14H29(CH3)3sN][AU(SC12H325),] at 180 °C under N, atmosphere (Fig. 1.9a) (22). Later, few more

metal organic precursors have been explored to prepare Au, Ag, Pd, Pt and Cu nanocrystallites.

Kulkarni and coworkers have introduced a versatile method to synthesize single crystalline and
ultra-smooth Au microcrystallites (Fig. 1.9b), using M-ToABr (M=Au, Ag, Pt, Pd and Cu)
complexes obtained by phase transfer of metal salt anions to the organic layer by ToABr (23).
The size was controlled by varying the concentration of reactants and thermolysis temperature.
The metal organic precursors provide a wide range of thermolysis temperatures (130-250 °C)
(24). At low temperatures (~ 130 °C) sub millimeter size (~ 400 pm) Au crystallites were seen,
while much lesser size crystallites (~ 30 um) were observed at higher temperature (25, 26). In
addition to above methods, many more routes have been reported to synthesize metal

nanocrystallites of various shapes.
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Figure 1.9 (a) TEM image of Au nanocrystals obtained from [C14H29(CH3)3sN][Au(SC12H2s)2],
and (b) optical microscopy image of Au polygons obtained by thermal reduction of Au-ToABr

complex. (a, b) Reproduced with permission from ref (22, 24).

1.4 Shape of metal nanocrystallites

500 pme=
Figure 1.10 SEM images of Au and Ag nanocrystallites of various shapes. (a, i) Reproduced

with permission from refs (24, 27-33).
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Shape of the crystallite is an important parameter that influences properties such as optical,
magnetic, catalytic, etc. The reported shapes for various transition metals are shown in Fig. 1.10
and Table 1.2.

Table 1: A summary of different shapes that have been achieved for various metal nanocrystals.

Structures Shapes Schematic Metals
drawings

single-crystal perfect/truncated cube®®! Pd, Ag, Au, Pt, Cu, Rh, Bi, Fe

vVea

perfect/truncated octahedron! Pd, Ag, Au, Pt
perfect/truncated tetrahedron®! Ag, Au, Pt, Rh
rectangular bar Pd, Ag, Pt

octagonal rod Pd, Au, Fe, Co, Ni

rectangular or octagonal wire Pb, In, Sn, Sb, Fe, Co

\\w

singly twinned  right bipyramid Pd, Ag
beam Ag
multiply twin- dscsbiedioni Pd, Ag, Au
ned
icosahedron®! Pd, Au
five-fold twinned pentagonal Pd, Ag, Au, Cu
rod
five-fold twinned pentagonal Ag, Au, Cu

wire

. Pd, Ag, Au, Cu, Pb, Bi, Co,
triangular/hexagonal plate Ni

disc Sn, Co

QAR NCDJONRRTSE
AT

Table 1.2 Summary of various shapes that have been obtained for various transition metals.

Reproduced with permission from ref (6).
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The shapes exhibited by noble metals are hexagons (24), triangles (29), rods (34), rice (28),

cubes (33), trigonal bipyramids (31), mesoflowers (27) and penta-twinned nanowires (35).

Usually FCC metals such as Au, Ag, Cu, Pd and Pt take the symmetry allowed geometries such

as triangle (3-fold), cube (4-fold) and hexagon (6-fold). However, shape of the nanocrystallite

can be tuned by choosing an appropriate capping agent.

1.3b Growth evolution

Growth of metal nanocrystallites involves the following general steps (Fig. 1.11).

metal
precursor

seeds polyhedrons anisotropic
+ nanocrystals
R=173_ A\ l
N 4
octahedron
surface
R=0.87 activation
A @ _activation 4 »
) <
single cuboctahedron octagonal rod
crystal
surface
R=0.58 . activation
e —_—
cube bar
— & — ¢ — P
singly right bipyramid beam
twinned

stabilization of

% {100} facets
—_— e

I e decahedron
entagonal rod
multiply P g
twinned
isosahedron

— & 5
plate with
stacking faults

oy

hexagonal or
triangular plate

Figure 1.11 The possible reaction paths reported in order to obtain various interesting shapes of

FCC metals. Reproduced with permission from ref (6)
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i. Nucleation of seed

To obtain well shaped crystallites, formation of nuclei is very critical. Small nanocrystallites
serve as nucleation sites, and also influence the growth on various sites. Shape control synthesis

was carried out via either homogeneous or heterogeneous nucleation.

ii. Selective adsorption of capping agents and nanocrystal growth

Various polymers and quaternary salts have been employed as capping agents to maneuvere
shape and size of the nanocrystallites. Typically used capping agents are poly(vinyl pyrrolidone)
(PVP), poly(vinyl alcohol) (PVA), cetyltrimethylammonium  bromide (CTAB),
tetraoctylammonium  bromide (ToABr), sodiumdodecylsulfate (SDS) and  bis(2-
ethylhexyl)sulfosuccinate (AOT). The capping agents selectively get adsorbed on specific planes
and therefore control the growth at various sites. Local coordination number of a crystal plane
and molecular structure influence the adsorption of capping agent on specific site. Selective
adsorption on a set of planes causes the anisotropic growth, and eventually produces 1D, 2D and
branched structures. From various energy calculations and experimental observations it was

understood that PVP and citrate selectively adsorbed on Ag (100) and (111) planes respectively.

In predicting the final morphology of the nano and microcrystallites surface energy consideration
is much crucial. Surface energy strongly determines the growth on a facet of a crystal. Unlike
amorphous materials, metals show different surface energies for different crystallographic
planes. Usually, metal crystallites take the shape having minimum surface energy. The crystal
structure of most of the noble metals is face centered cubic (FCC), and the surface energy order
is {111}<{100}<{110}<{hkl}. Hence, most of the shapes are enclosed with low energy (111)
and (100) surfaces (Fig. 1.10).

1.5 Strain in metal nanocrystallites

Metal nanocrystallites with five-fold symmetry are widely observed, yet the fine details of the
geometry are not well documented. Decahedron, icosahedrons and penta-twinned nanorods/wires
are well known geometries which exhibit five-fold cross section (Fig. 1.12) (6). Decahedron and
icosahedrons are enclosed with {111} facets, while tips and side faces of the nanorods/wires are

{111} and {100} facets respectively. Decahedron is an assembly of five tetrahedron units
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sharing a common edge. Theoretical angle between two adjacent tetrahedrons is 70.53°; joining
five tetrahedrons leaves a gap of 7.35°, which should be filled by elongating the Au-Au bond
length. Such elongation will cause internal lattice strain and distorts the crystal structure. The
strain increases with diameter of decahedron; hence, observation of large decahedrons is rare (6).
Similarly icosahedron (36) and penta-twinned nanorods (35) also have host internal strain due to

the five-fold symmetry (Figs. 1.12 b-d).

Figure 1.12 (a-c) Microscopy images of decahedron, icosahedron and penta-twinned nanowires
of Au nanocrystallites. (d-f) The corresponding schematics are given below. Reproduced with

permission from ref (35-37).
1.6 Nanostructured surfaces
1.6a Nanoholes in metal films

Ebbesen’s pioneering work on enhanced optical transmission through nanoholes has opened lot
of interest in fabricating nanoholes in metal films and studying their optical properties (38).
Various lithography methods such as focused ion beam (FIB) lithography, nanospheres
lithography, etc have been used to fabricate perforated metal films. Periodic lattices of nanoholes

with various shapes such as circular, square and rectangle have been fabricated in Au and Ag
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nanofilms (Fig. 1.13(a-c)) (38, 39). These nanofilms have served as SERS substrates.
Occasionally random holes have also been fabricated (Fig. 1.13(d)).
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Figure 1.13 (a-d) SEM images of nanoholes of various shapes in metal films. Reproduced with
permission from refs (38, 40, 41).

1.6b Metal nanosponges

There exist numerous applications for porous materials due to high surface area. Nanoporous
noble metals, a subset of porous materials are interesting due to their catalytic and optical
properties (42). Fabrication of porous systems with controlled pore size is in high demand owing
to rich surface chemistry. Dealloying of AuAg alloy in nitric acid (HNO3) is a well-known
technique to fabricate porous Au nanosponge (43). Annealing metal film at higher temperature,
and electro deposition also have been used to prepare metal nanosponges (42). The above
methods involve the usage of harsh acids and higher annealing temperatures.
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Recently, Eswaramurthy et al have come up with a simple method to prepare nanosponges of
Au, Ag, Pd and Pt by reducing the metal salts with strong reducing agent like NaBH,. The

nanosponge thus obtained is comprised of ~ 10 nm broad ligaments (Fig. 1.14) (44).

Figure 1.14 SEM images at different magnifications of Au nanosponge. Reproduced with

permission from ref (44).
1.7 Physical methods

To prepare nanocrystalline metal films those are free of solvent contamination physical methods
are adequate. Laser ablation (45) and evaporation-condensation (46) are well known ways to
bring nanoparticles on a desired substrate. Though evaporation route yields organic ligand free
metal nanocrystallites, it needs high temperature, large amount of energy and space. Suji et al
have reported the Ag nanoparticles synthesis by using laser ablation of bulk Ag (47). The
obtained nanoparticles are of ~ 20-50 nm with no defined shape. Shape controlling in physical
methods is very difficult or impossible, in spite of controlling organic ligands and solvents in the
synthesis. Hence the use of physical methods in metal nanocrystallites is limited.

18



1.8 Biological methods

Biological methods are not well established like other methods, there are few attempts to
prepare metal nanocrystallites using bacteria and fungi. For nanoparticles synthesis, it is an
alternative method to chemical method. Sastry et al. have introduced a simple biological route to
prepare submicron size triangle shaped Au crystallites (48). Further, various biological
organisms have been employed to prepare Ag and Pt nanocrystallites (49). However, biological

method is not very suitable to obtain shape controlled metal nanocrystallites.
1.9 Lithography

Though chemical routes are well established to produce various interesting shapes, unfortunately
they are not very helpful in producing complex geometries such as grated nanowires etc. To
create such intriguing shapes lithography methods have been adopted. Using lithography
methods non-periodic patterns such as circuits and periodic patterns such as gratings are

fabricated.

BN

S
B LA b s TR T S i 5" a3 &

X, ¢

Figure 1.15 (a) A palette showing the fabrication techniques. (b-h) SEM images of metal nano
and microstructures obtained from various lithography techniques. Reproduced with permission
from refs (50-55).
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Lithography is an art of producing picture on a flat substrate by using various routes. The size of
feature can be tuned from micrometer to nanometer by choosing appropriate technique (Fig.
1.15). Photolithography is an optical means for creating patterns on a substrate. The lithography
tool-kit comprise of resists (polymers), light source and a substrate (glass or any other) (56).
Resists spin coated on a desired substrate are pre baked in an oven or hot plate to evaporate the
solvent from the resist. Next step is the mask alignment, exposing the resist through high
intensity ultraviolet light. There are three primary exposure methods: contact, proximity, and
projection. Using photo lithography, down to a micron size features can be obtained (Fig.
1.15(b)).

Whitesides group at Harvard University introduced Soft lithography method (57). It is an
affordable and rapid technique for patterning wide range of function materials on a desired
substrate. The term “soft” refers to the use of materials involved in stamping elastomers as well
as organic molecules. Poly(dimethyl siloxane) or Sylgard 184 is a well-known silicon elastomer.
For the PDMS stamp fabrication base material (vinyl terminated siloxane prepolymer) and cross-
linking agent (siloxane) are mixed in 1:10 ratio and heated at 60 °C for 6h. Once the stamp is
fabricated with desired features, used for many purposes such as micromolding and imprinting
(Fig. 1.15(d)) (58). PDMS deforms under external stress, and swell in various organic solvents
such as toluene and hexane. It is also difficult to fabricate defect free PDMS stamps over large
area. Hence, soft lithography has failed at many aspects. This demand for a rigid stamp than

elastic one.

Chou et al., developed NIL method developed by employs a rigid master such as glass or quartz
(59). A rigid master used for embossing a polymer that has been heated at melting point. It is
considered as next generation lithography due to high through put and size of the features which
is well below 50 nm (Fig. 1.15(c)). Similarly, various other lithography techniques such as
template stripped lithography (60) (Fig. 1.15(f)), dip pen lithography (61) have been adopted do
create nanofeatures of metals on any desired substrate. The above mentioned lithography
methods have been employed to produce metal anisotropic structures. However, such processes

are expensive, and not suitable for large scale synthesis.

Due to small e-beam probe size and wavelength, EBL provides excellent resolution which is

limited by the wavelength of the light that is used (62). In direct writing, a small e-beam spot is
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moved with respect to the wafer to expose the wafer one pixel at a time, eliminating the
expensive and time-consuming production of masks. Poly(methyl methacrlylate) (PMMA) has
been the most widely used and high resolution positive-tone resist and hydrogen silsesquioxane
(HSQ), a relatively new resist material, is a high resolution negative-tone resist. Typically the
writing field, which is defined by the maximum deflection range of the e-beam, is of the order of
a few hundred micrometers. Larger patterns require mechanical stage movements, which need to
be very accurate in order to precisely stitch consecutive writing fields. The process steps
involved in EBL are similar to that of the photolithography (Fig. 1.15(e)) (63).

1.10 Advantages of microcrystallites

At nanoscale, the size and shape of a metal crystallite influence the optical, electronic, catalytical
and structural properties. Various physical, chemical and bio-methods have been reported for
shape controlled synthesis of nanocrystallites. High end techniques such as HRTEM and high
energy X-ray diffraction techniques have been used to understand the growth and structural
aspects of nanocrystallites. However, it is not always possible to access such expensive
techniques. In spite of numerous applications in various fields, nanoparticles are not quite
suitable for few specific applications such as nano-focusing of light, creating interesting
plasmonic structures over larger areas and also to understand growth or etching of various
shaped crystallites in a simple way. In addition, the finite size limits the manipulation and
transferring a desired crystallite from one to another substrate. To address the mentioned
problem, microcrystallites have been revisited. Hitherto, micronsize long Ag and Cu were the
only known microstructure, while no other shapes have been reported. Though there are few
attempts to grow atomically smooth single crystalline metal films, they lack the desired quality.
In addition to the size, quality of the crystallite also matters for reliable results. Hence,
fabrication of single crystalline micron size metal nanocrystallites is indeed in demand. The
thesis deals with the fabrication of Au and Ag microcrystallites using metal organic precursors.
Importantly, the obtained microcrystallites provide extended planar surfaces like the bulk with
corners and edges similar to the nanocrystallites. The larger dimensions are also a platform in
realizing metastable crystal structures, possibly without any external influence such as pressure.
The thesis is an exploration of the above mentioned aspects using only routine characterization

tools.
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Chapter 2

Characterization Techniques

Several microscopic and spectroscopic techniques have been used to characterize the samples
reported in the thesis. In the following paragraphs, the details of instruments used and the sample

preparation methods are described.
Microscopy

Scanning electron microscopy (SEM) and Energy-dispersive X-ray spectroscopy (EDS)

SEM was performed using a Nova NanoSEM 600 equipment (FEI Co., The Netherlands).
Energy dispersive spectroscopic (EDS) mapping was performed using EDAX Genesis V4.52
(USA) attached to the SEM column. The EDS mapping was performed at 10 kV (energy
window, 10 eV) with a beam current of 1.1 nA, the dwell time per pixel being 25 ps. Low
vacuum imaging was performed on the same instrument using a helix detector. Energy-
dispersive X-ray spectra were collected with 15 kV, performed using a Nova NanoSEM 600
equipment (FEI Co., The Netherlands).

Transmission electron microscopy (TEM) and Electron Diffraction (ED)

Transmission electron microscopy (TEM) measurements were carried out with a JEOL-3010
instrument operating at 300 kV (A= 0.0196A) and electron diffraction (ED) patterns were
collected at a camera length 20 cm (calibrated with respect to the standard polycrystalline Au
thin film). Samples for TEM were prepared by depositing a drop of the nanomaterial (scraped
from the substrate) on a holey carbon copper grid, allowing it to dry in a desiccator overnight.

Atomic force microscopy (AFM)

AFM experiments were carried out using Bruker dilnnova Scanning Probe Microscope with
Nanodrive controller. Imaging has been done in tapping Mode. TESP etched silicon cantilever
probes of 125 um nominal length were used, at a drive frequency of approximately 240-280
kHz. Both height and amplitude information were recorded at a scan rate of 2—-3 Hz, and stored
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in a 512-512 pixel format. Images were processed using the Nanoscope version 7.30 software.
For optimum clarity in visual presentation of the images, flattening of first order was employed

unless stated otherwise.
X-ray diffraction (XRD)

Powder X-ray diffraction measurements were performed using a Siemens Seifert 3000TT
diffractometer employing Cu Ka (A = 1.5406 A) radiation. Samples were prepared by depositing

the nanomaterials in the form of films on glass slides and typical scan rate was 1 deg.min™.

Thermogravimetric analysis (TGA)

TGA was carried out (Mettler Toledo, TG-850) usually in the temperature range of 30 °C - 300
°C at a heating rate of 2 °C.min™ in air. Typically using 10 mg of the sample in solid form

mounted on a porcelain boat.

X-ray photo electron spectroscopy (XPS)

XPS measurements have been carried out using Omicron SPHERA spectrometer with non-
monochromatic AlKa X-rays (E=1486.6 eV).

Raman Measurements

Raman measurements were performed using LabRAM HR apparatus (Horiba, USA) with an
excitation wavelength of 632.8 nm and 5 mW.cm™. Signal accumulation was performed for 10 s

with a spot size of 1 um.

FTIR
Fourier transform infrared (FTIR) measurements were done using a Bruker IFS66v/s

spectrometer with a resolution of ~ 2 cm™.

%k k ok
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Chapter - 3

Facet Selective Etching of Au Microcrystallites

Summary

High symmetry crystals, by nature, exhibit isotropic properties. The possibility of inducing
anisotropy for example by facet selective etching, is considered highly remote in face centered
cubic (FCC) metals, particularly in gold, which besides being FCC, is also noble. Here, for the
first time, facet selective etching of Au microcrystals obtained in the form of cuboctahedrons and
pentagonal rods from thermolysis of a gold-organic precursor is reported. The selective etching
of {111} and {100} facets has been achieved via a capping method. In this method,
tetraoctylammonium cations selectively cap the {111} facets, while Br™ ions protect the {100}
facets. The exposed facets are oxidized by O,/CI’, producing a variety of interesting geometries.
Facet selective etching of Au microcrystallites is governed only by the nature of the facets as
geometry does not seem to play any significant role. Etched surfaces appear rough but a closer
examination reveals well-defined corrugations indexable to high hkl values. Such surfaces

exhibit enhanced Raman activity.

3.1 Introduction

The crystal lattices of most metals are FCC (face centered cube), which is highly symmetrical.
Due to the large number of equal symmetry directions and facets, anisotropic etching is not
easily attainable in FCC metals particularly in noble metals. While anisotropic etching is well
known among low symmetry semiconducting materials such as Si (1), Ge (2) and GaN (3) etc.,
there are hardly any reports on metal crystals. In this study, anisotropic etching of Au
microcrystals has been explored. There are few reports on anisotropic etching of nanoparticles of

noble metals. Etching of a nanoparticle facet is dependent on its surface energy (y) and the

general trend is ya10>Y@00)>Y11) (4). Hence, it is expected that the {110}, {100} and {111}
facets show high, medium and low reactivities with a given etchant. However, there are counter
effects due to the polarization (5), symmetry (6) and other parameters of adsorbed species, which
manoeuvre the facet selective etching of metal crystallites. For an instance, Br™ anions bind

preferentially to {100} facets (7), while quaternary cations bind to {111} facets (8). Etching of a
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facet is a combined effect of surface energy and the nature of the adsorbed species and in the
absence of counter effects, etching proceeds in accordance with the surface energy. However,
this often leads to irregular geometries. The capping agent lowers etchant interaction
considerably with the adsorbent facets (9). The strength of etchant also plays an important role in
guiding anisotropic etching. While isotropic etching takes place with a strong etchant (eg.,
HNO3), no etching can occur if the etchant is too weak. Commonly used mild etchants for noble
and semi-noble metals are H,0, (10), CN" (11), Fe(l11) (12), Cu(ll) (13, 14), Pb(Il) (15), NH3 (16)
and O,/CI" (7). For instance, Pd cuboctahedrons and octahedrons have been obtained from
nanocubes by selective etching along the [111] direction using O,/ClI" as etchant, while Br’ ions
protected the {100} facets (7, 17). In another case, Yang et al. have obtained a variety of
geometries from Ag octahedron by selectively etching the [100] facets using NH;OH/H,0,, with
PVP as the capping agent (16). The above studies have produced interesting nanoparticle
geometries without significantly altering the size. Unlike Ag and Pd, etching of Au nanoparticles
is not easy because of its noble character. Jana et al. (18) have reported the anisotropic etching of
Au spheroid to spherical nanoparticles using CN". Electrochemical oxidation to Au crystals also
has been reported (19, 20). Pradeep et al. have used CuCl, as an etchant for the anisotropic
etching of Au nanorods, and selective etching of body and tip of the nanorods have been
demonstrated (21). Au nanorods were oxidized to spherical nanoparticles using H,0; (22, 23).
Yet, the nature of the etched facets and the mechanism seem unclear. All above examples pertain
to particles with size well below 300 nm. Recently Fan et al. have reported a versatile method for
the selective etching of edges and {111} facets of various shaped Au nanocrystals (24). Face
selective etching is indeed interesting not only to understand the nature of the facets but also to
produce various shapes with nearly same size. Since anisotropic etching does not alter the size of
the nanoparticles, the obtained nanoparticles with different shapes are the ideal systems to study

shape dependent properties.

It is interesting to examine anisotropic etching behavior of Au microcrystals in the form of Au
polygonal plates grown in the laboratory as these are essentially single crystalline with well-
defined facets (25, 26). An advantage is that facet selective etching of the microplates and the
crystallographic details of the etched facets can be visualized under commonly used optical and
electron microscopes unlike nanoparticles which require high resolution TEM (27). Indeed,

successful demonstration on large metal crystallites has not been reported hitherto. Although
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such studies are possible on bulk crystal surfaces, facet selectivity is found to be rather poor due

to inherent surface defects and dislocations (28). Specifically, this chapter delas with the

systematic study of selective etching of {100} and {111} facets of various types of Au

microcrystals namely cuboctahedron, hexagons, triangles and pentagonal microrods, using Ag(l)

and Cu(ll) based etchants. The selective etching has produced a variety of intermediates enclosed

with highly corrugated surfaces, indexable to high hkl values.

Table 3.1 Summary of literature showing the conditions have been adopted for Au nanoparticles

etching
S.No Etchant Shape of the Au Type of etching Nature of | Ref
particle the
obtained
facet
1 Kl and H,PtClg | Octahedron, Selective etching of High (24)
decahedron, edge, followed by {111} index
nanorod, and etching facets
nanoplates (>150
nm)
2 Dopamine 13 nm, spherical Reduction of Particle (29)
nanoparticles diameter reported.
3 KSCN, H;0; Nanorods Preferential etching (30)
and Co?* along the longitudinal
direction
4 Cu(ll) salts, Nanorods Etching along the (14)
H,SO, and longitudinal direction
H.0,
5 FeCls Nanorods Etching along the (12)

longitudinal direction
({111} facets might be
etched)
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6 H.O, and Br’ Nanorods Etching along the (23)
longitudinal direction
7 H.0,, HCl and | GNRs, bipyramids Shortening along (31)
CTABr (BPs) and prisms longitudinal directions
8 NOy Nanorods (< 50 nm) | Preferential shortening (32)
along the axialdirection
9 | S,057and Pb** | Nanorods Shortening along the (33)
axialdirection
10 | Cr (V) Nanorods Shortening along the (34)
axial direction
11 | Cu(ll) and HBr | Nanorods Preferentially along the (35)
longitudinal direction
12 | Cholesterol gold nanoparticles No discussion (36)
13 | HNO; Gold nanoparticles No discussion (37)
14 | CuCl, Nanorods Body and tip (21)
15 | sodium Au plates No defined etching on (38)
dodecylbenzen {111} facets
esulfonate
16 | KCN Nanorods No discussion (39)
17 | Au(lll)-CTAB | Nanorods, Irregular | Shortening of size (11)
Complexes Nanoparticles
18 | H,0O, Bipyramids Shortening along the (10)
axial direction
19 | HCland O, Nanorods Shortening along the (22)
axial direction
20 | KCN and O, Nanorods and Shortening along the (18)
bipyramids axial direction
21 | H0, Nanorods Shortening along the (40)
axial direction
22 | HAuCl, Au disks Etching corners (41)
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23 | HAuUCl,4 and Nanorods Transverse etching of (42)
CTAB GNRs

24 | H,0,, HCl and | Nanorods Transverse etching of (43)
CTAB GNRs

25 | HAuUCl4 and Au triangular prisms | Etching of sharp tips (44)
CTAB

26 | Anodic Single crystalline Dissolution of (111) Kinks (19)
dissolution Au(111) electrode planes

27 | Electro Micron size Au Dissolution of (111) (20)
chemical plates planes, etching in
etching vertical direction about

40 nm

28 | NaS,0s, Au spherical Size reduction (15)
Pb(11) nanoparticles

29 | NH3-NH,CI Nanorods Shortening along the (13)
and Cu(ll) axial direction

30 | NH3-NH,CI Au spherical Shortening of diameter (45)
and Cu(ll) nanoparticles, 15 nm

3.2 Scope of the present investigation

The noble character of Au in the high symmetry crystal structure makes it nearly impossible to

attain anisotropic etching. For the first time, facet selective etching of {100} and {111} facets

has been achieved by a specialized capping method. The etching process is found dependent on

the atomic arrangement of the planar surfaces rather than the shape of Au microcrystallites.

3. 3 Experimental Section

3.3.1 Materials

Gold chloride (HAUCI,), silver nitrate (AgNQO3), tetraoctylammonium Bromide (ToABr), cupric

chloride (CuCly), sodium chloride (NaCl), copper sulphate (CuSO,) and toluene were used. All
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reagents were purchased from spectrochem, India. Water used in this study was double distilled

and deionized. Si substrates were cleaned with water, IPA, toluene and dried under N, gas.
3.3.2 Synthesis of Au microcrystals

To a 75 pL of HAuCl, (25 mM), 100 pL of ToABr in toluene (50 mM) was added and stirred for
5 min (25). The bottom aqueous phase became colorless and top organic phase developed red
color. The obtained AuToABr complex has nearly the same melting point (~ 90 °C) and
decomposition temperature (~ 150 °C) as ToABr. The organic layer was pipetted out, drop
coated on a Si substrate and heated at 135 °C on a hot plate in air. After growing Au
microcrystals, they were washed with toluene to remove any residual precursor and dried with

flowing nitrogen.

Figure 3.1 SEM images of Au microcrystallites of different shapes.
3.3.3 Preparation of AgToABTr for the {100} facets etching

To a 200 pL of ToABr (50 mM) solution, 25 pL of AgNO; (25 mM) solution and 10 pL of HCI
(110 mM) were added and stirred for 5 minutes (46). It may be noted that TOABTr is in excess
amount to ensure effective phase transfer of Ag(l) to the organic layer. The obtained AgToABr
complex was characterized using FTIR, TGA and EDS measurements (see Fig. 3.2). The melting
point and decomposition of the obtained AgToABTr is nearly the same as ToOABr and AuToABrY.
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A 200 pL of organic layer was taken out and drop coated on as prepared Au microcrystals,
heated at 135 °C on a hot plate in air for 6h. Samples were washed with toluene to remove the

unreacted precursor and dried under N gas.
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Figure 3.2 (a) TGA of ToABr, AuToABr and AgToABr complex. (b) FTIR spectrum of
AgToABr. EDS spectra collected from (c) AuToABr and (d) AgToABr films. IR bands at 2954,
2927, 2872 and 2853 cm™ indicate the asym.CHs stretch, asymm.CH, stretch, symm.CHj stretch

and symm. CH, stretch modes of alkyl groups in ToA" cation.
3.3.4 Etching of the {111} facets

Au microcrystallites were dipped in 1 mL of 0.5 M CuCl; solution, heated at 60 °C in air. After 1
h, the solution was cooled down to room temperature. Samples were taken out, washed with

plenty of water, dried under N, gas and used for characterization.
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3.3.5 Characterizations

Scanning electron microscopy (SEM) was performed using a Nova NanoSEM 600 equipment
(FEI Co., The Netherlands). Energy dispersive spectroscopic (EDS) mapping was performed
using EDAX Genesis V4.52 (USA) attached to the SEM column. Atomic force microscopy
(AFM) experiments were carried out using Bruker dilnnova Scanning Probe Microscope with
Nanodrive controller. Imaging has been done in tapping Mode. Thermogravimetric analysis

(TGA) was carried out using a Mettler Toledo, TG-850 in N, atmosphere.

3.4. Results and Discussion

L

’\"\4&,(‘ a1y
{111}‘&‘.«{100
\ >~\£

5 um

Figure 3.3 SEM images of Au microcrystals treated with 0.5 M FeCl; (a, b), H,0; (c, d) TOABr
(e, f) and NaCl (g-1).
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3.4.1 Etching of {100} facets

Au microcrystals were prepared using a method reported from this laboratory recently (25). In a
typical synthesis of Au microcrystals, 100 puL of precursor obtained by the stabilization of
(AuCl,)” with ToABr was drop coated on a Si substrate and thermalized on a hotplate at 135 °C
in air for 1 hour. At this thermolysis temperature, the growth of Au microcrystals proceeds in the
molten start of the precursor (AuToABr), while the decomposition starts at ~ 150 °C (see Fig.
3.2). In the obtained product, two types of Au microcrystals were observed, namely
cuboctahedron derivatives and the penta-twinned microrods though the latter were less in
abundance. In the first category, in addition to regular cuboctahedron, other analogous
geometries- truncated octahedrons (10), hexagons and triangles, were also present (Fig. 3.1). The
crystallite size is in the range of 1-10 um. Among them, regular cuboctahedron is of our interest
in this study. It is enclosed with 14 facets among which eight are triangular and six are
rectangular or square facets. In the given conformation of a cuboctahedron shown in Fig. 3.4(a),
the top and bottom faces are made of triangles, and the side facets are enclosed with alternative
six triangular and six rectangular or square facets (47, 48). A typical view of cuboctahedron
particle is depicted in Fig. 3.4(a), where four triangular and three-square facets are seen clearly,
which are assigned to {111} and {100} facets respectively (47). The edges are sharp and the
surface of each face is smooth as evident from Fig. 3.4(b). To achieve anisotropic etching,
various etchants like FeCls, NaCl, H,O,, ToABr and AgToABr were tried out. However, poor
anisotropic etching was observed with FeClz NaCl, H,O, and ToABr (see Fig. 3.3), while facet
selective etching was attained with AgToABr. Briefly, to the obtained microcrystals, ~ 200 uL of
the etching solution, AgToABTr in toluene (see experimental section for the preparation), was

added and thermolysis was continued at 135 °C.

The etching of the {100} facets took place in molten AgToABr. The products obtained at various
stages of thermolysis were analyzed. SEM image of a cuboctahedron obtained after 1h of
thermolysis is shown in Fig. 3.4(c). Interestingly, all {100} facets got etched to roughened
surfaces, whereas the {111} facets are seen unaffected which is quite evident in the magnified
image shown in Figs. 3.4(d-f). This observation confirms selective etching of the {100} facets by

AgTOoABT. In addition, the edges and corners also become roughened (Figs. 3.4(d-f)). It may be
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recalled that selective etching of {100} facet has been studied in the case of Ag (16) and Pd

nanocrystals (7), but there is no such example known in the case of Au.

Figure 3.4 Typical SEM images of (a-b) as prepared and (c-d) after treated with AgToABr for
selective etching of {100} facets. (e, f) SEM images of an etched cuboctahedron collected on
tilting the stage by 0 and 45°.

Continued etching of {100} facet produced concave type deepening as shown in Fig. 3.5(a);
however, it disappeared during further etching, due to the thermodynamical instability (27). It
appears that as the {100} facets were gradually etched, a variety of intermediates formed with
the {111} facets unaffected (Figs. 3.5(a, b)). However on extended etching, the {111} facets
shrunk in area, and eventually disappeared in the final stage (Fig. 3.5(f)). The Au microcrystals
obtained at intermediates stages exhibit two types of roughened surfaces indicated as RS1 and
RS2 in Fig. 3.5b. Etching along the [100] direction produced RS1, while the corrugated surfaces
formed at the interface of {111} and {100} facets gave rise to RS2, parallel to the top/bottom
{111} facets. The surface morphology is quite different in that well defined corrugated steps are
present in RS2 (Fig. 3.5(c)) while interconnected streak-like topography is observed on RS1. The
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latter correspond to mini {110} facets as the angle between two adjacent mini facets is either 60°
or 120° (Fig. 3.5(d)) (49).
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Figure 3.5 (a-f) SEM images of Au cuboctahedrons at various stages of {100} facet etching. (g)
Schematic illustrating selective etching of the {100} facet. (h) AFM topography of Au
microcrystals. (i-J) Height profiles along the lines drawn in h. The average roughness on etched
{100} and unetched {111} facets are 47.2 and 4.8 nm respectively. (k) SEM image Au
cuboctahedron after treated with AgToABr in Ar atmosphere. The corresponding EDS spectrum

is shown on the top of the image k. Scale bar, 1 pm.

In case of RS2, there are two sets of angles between the pristine {100} facet and the corrugated
features, namely 14.34+0.20° and 22.0+0.3° (see Fig. 3.5(c)) which going by the calculated
angles of 14.04° and 21.8°, should correspond to {410} and {520} facets respectively (50). It is
interesting that etching of {100} facet can lead to such high index facets. As etching progresses
along the [100] direction, the extent of RS1 diminished (Fig. 3.5(¢)), and completely disappeared
in the final product. As depicted in Fig. 3.5(f), the surface of the microcrystals is covered with
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only RS2 type surface. Due to the preferential etching on {100} facet, the surface roughness of
{100} facet is ~ 10 times higher than the {111} facets and the heights of the corrugated steps are
in the range of ~ 50-150 nm (see AFM data in Figs. 3.5(h-i)). A continued etching resulted in the
formation of trigonal bipyramids covered with corrugated surfaces (Figs. 3.5(f) and (g)). The
etching mechanism is proposed based on the above experimental observations, drawing some
clues from the literature examples of anisotropic etching of Pd nanocubes (7) and Ag
octahedrons (16). The selective etching of Au{100} facets involves four major steps. 1)
Adsorption of tetraoctylammonium cation (ToA") on the {111} facets. 2) Oxidation of atoms
present at corners and edges. 3) Etching of {100} facets. 4) Redeposition of Au(lll) or Au(l) on
the etched {100} facets. The ToA" ion preferentially adsorbs on the {111} facets due to the
higher adsorption energy (8). To validate that Au{111} facets are covered with ToA" cations, Au
microcrystals obtained from AuToABr were partially washed and SEM imaging was performed.
Au{l111} facets are seen covered with a thin organic layer (Fig. 3.6(a-c)). EDS spectrum
collected from the Au{111} consists of a weak carbon signal which may attributed to the ToA"
ligands adsorbed on the {111} surface. No detectable Br™ is seen EDS spectrum collected from
Au{111} facets (Fig. 3.6(d)). Interestingly, SEM images reveal that the carbonaceous species is
much less on Au{100} facets (see Fig. 3.6(b)), which enables selective etching. The long alkyl
chain of ToA" projects away from the Au{111} surface and makes it hydrophobic (51). Hence,
the polar etchant like O,/Br" may not able to attack the {111} facets. In addition, higher surface
energy of the Au{100} facet also facilitates selective etching of the {100} facet (4). Atmospheric
oxygen in combination with the halide anion available in the reaction medium can etch gold to
form soluble Au(l) or Au(l1l) complexes such as (AuX;)ToA (Au is in +1 state) and (AuX4)ToA
(Auis in +3 state). Etching of {100} facets begins at the corners due to the high reactivity arising
out of low coordination number and low bromide coverage (7). As this process continues, the
atoms on the {100} facets are etched away involving the removal of Br™ ions from the {100}
facets (see schematic in Fig. 3.5(g)). Etching of the {100} produces high index facets which are
more reactive compared to the low index facets. The newly generated Au(lll) or Au(l)
complexes get reduced to Au(0) due to the thermal reduction, and deposits on the high-index

facets (eq. 1).

Au(lIN/Au(1)Xn=2 or ) TOA % Au(0) Equation (1)
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Figure 3.6 (a-c) SEM images of Au cuboctahedron are depicting the residual organic islands on
Au{111} facets. (d) EDS spectrum collected from the Au{111} facet, arrow indicates the

expected position of Br L signal.

As described in our earlier work (52, 53), Ag(l) from AgToABr tends to deposit selectively on
the Au{100} facets due to the under potential deposition (UPD) to form a monolayer or sub-
monolayer of Ag(0). The Ag monolayer stabilizes the high index facets (54). However, the
nature of adsorption sites is still unclear. In the absence of Ag(l) (etching with ToABr alone), the
etched surface is found rather irregular (see Fig. 3.3). To examine the role of atmospheric oxygen
in the etching process, thermolysis was carried out in Ar atmosphere. No etching took place and
instead the thermolysis led to the formation of AgBr crystallites (55). Thus, AgBr got deposited
on the cuboctahedrons, which is evident from the EDS spectrum shown in Fig. 3.5(k). From the
above set of experiments, the plausible equation of Au etching is as follows.

Au+0;+X  —>  Au(l)Au(lll) + O% Equation (2)
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3.4.2 Etching of {111} facets

Similarly, etching of {111} facets has been tried out using a different but specific etchant.

Au island

(9) —_ On etched facets
—— On smooth facets

02 04 06 08 1.0
Distance (um)

Figure 3.7 (a-b) SEM images of cuboctahedron obtained after treatment with 0.5 M CuCl,. (c)
Schematic illustration of islands formed from {111} facets. (d) SEM images of a hexapod
obtained by the selective etching of Au{111} facets. (e-f) AFM topography images collected
from various regions of a cuboctahedron. (g) Height profiles along the lines drawn in e and f. (h)

Plausible etching mechanism of {111} facets.

Fresh Au microcrystals were immersed in 1 mL of 0.5 M CuCl; solution held at 60 °C and the
morphological changes were examined (Fig. 3.7). Contrary to the {100} etching, in this case,
triangular {111} facets got etched while {100} facets were intact (Fig. 3.7(a)). The magnified
image in Fig. 3.7(b) shows randomly distributed islands formed due to etching of the {111}
facets which is schematically illustrated in Fig. 3.7(c). Unlike Au{100} etching, selective etching
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of the {111} facets did not produce corrugated facets. Etching of Au cuboctahedron along the
{111} facets produced a set of intermediate geometries and the final product was a hexapod (Fig.
3.7(d)). In order to understand the etching process and to identify the active etchant species, a set
of experiments were tried out. First, oxygen dissolved in CuCl; solution was removed by adding
Na,SO3; which is O, scavenger (21). Etching was then carried out with this solution and
interestingly, no noticeable etching was observed even after 12 h (see Fig. 3.8).

Figure 3.8 SEM images of cuboctahedrons treated in (a-b) mixture of CuCl, and Na,SOs3. (c-e)

Etching in 0.5 M CuSO, solution, all other conditions being the same.

This experimental observation reconfirms that oxygen is indeed essential for etching of Au
surfaces. To address the role of CI', CuSO,4 was used instead of CuCl,, and in this case too, no
significant etching was observed (see Fig. 3.8). Similarly, the {111} facets etching was
performed with NaCl instead of CuCl,. Although the etching is observed on the {111} facets, the
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extent of etching was relatively less under the experimental conditions employed (see Fig. 3.3).
It produced interesting dendrimeric etched patterns, which may deserve a separate study. The
milder action of Na* is mainly due to its highly negative reduction potential (-2.71 eV). Cu(ll),
on the other hand, acts as a catalyst for the production of intermediates such as superoxide (O)
that etches the Au surface (30). From the above two experiments, it is clear that Cu(ll), CI" and
O, are the active components of the etchant. It appears that the quaternary salts adsorbed on
{111} facets of Au microcrystals (obtained from AuToABTr) get removed during toluene washing
due to the high solubility of the ToABr in toluene (380 g/L) (56), while Br may remain intact
on{100} facets due to poor solubility in toluene. Hence the {111} facets are easily accessible for
the etchant which is devoid of the capping agent. As in {100} etching, here too etching
commenced at the corner and proceeded along the edges (see schematic Fig. 3.7(h)). The islands
formed due to the {111} etching are separated by ~ 100 nm and the average height of islands is ~
10 nm (Figs. 3.7(e) and (g). As the etching progressed, the roughness of {111} etched facets
(Fig. 3.7(e)) increases by an order compared to {100} facets (see AFM data in Figs 3.7(e-g)).

As mentioned previously besides cuboctahedrons, several other geometries such as truncated
octahedrons, hexagonal plates, triangles and pentagonal nanowires have also been observed (Fig.
3.9). In these cases as well, the facets are smooth with well-defined edges and corners prior to
etching (Figs. 3.9(a-c), (h) and (m)). Similar to cuboctahedrons, cuboctahedron derivatives also
exhibit selective etching of {100} facets with AgToABr (Figs. 3.9(d-f), (i-k) and (n-p)).
Continued etching along the [100] direction has led to the formation of trigonal bipyramidal
microcrystals covered with corrugated surfaces. In the case of Au nanowires, the selective
etching of {100} facets produced corrugated pentagonal nanowires (Figs. 3.9(n-0)). However,
the tips of {111} are unaffected by the etchant (Fig. 3.9(p). On the other hand, selective etching
of {111} facet is observed with CuCl, (Figs. 3.9(g, I) and (g-s)). It is noteworthy that the
anisotropic etching of Au{100} and Au{111} facets is purely facet selective independent of the
geometry of the Au microcrystals and size. The process is substantiated by growing Au crystals
of ~ 300 nm and etching the {100} and {111} facets using AgToABr and CuCl, respectively
(see Fig. 3.10). The process should be applicable to even smaller sizes though imaging becomes

more involved.
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Figure 3.9 SEM images of Au hexagons, triangles and microrods before etching (a-c, h and m),
after selective {100} etching (d-f, i-k and n-p) and after {111} etching (g, | and g-s) respectively.
Scale bar is 300 nm, where not mentioned.

With this study involving large microcrystals, the finer steps involved during etching are made
clear and the surface crystallography of the etched facet is also evident. As shown in the above
cases, all the intermediate stages of selective etching of Au microcrystals were identified using
an ordinary electron microscopy that is simply not possible with nanoparticles due to their small
dimensions. These larger dimensions are handy and attractive not only in the context of the facet
selective etching phenomenon but also because of the emergence of crystallographically well-
defined nanocorrugated surfaces over large areas.
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{100} etching {111} etching

Figure 3.10 SEM images of submicron size Au crystals after {100} and {111} etching.

For instance, selective etching of {100} facet of penta-twinned microrods has produced
nanocorrugated Au microrods, while there are no changes in the length of rods. Usually, such
corrugated nanowires are obtained only using sophisticated lithography techniques (57). To the
best of our knowledge, it is the first report that has successfully demonstrated anisotropic etching
of Au microcrystals. A nanocorrugated surface can be interesting with regard to surface plasmon
polaritons and their interaction with light (see Fig. 3.11) (58). In the literature, facet selective

etching of Metals is known only for {100} facets of Ag and Pd nanocrystals.

— Etched Au plates
—— Smooth Au plates
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Figure 3.11 SERS spectrum of R6G collected from smooth and etched plates.
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3.5 Conclusion

This study, for the first time, has dealt with anisotropic etching of Au that too in the form of
microcrystals. Specific geometries belong to cuboctahedron, truncated octahedron, hexagon,
triangle and pentagonal rod, all in the range of few tens of microns enclosed with {111} and
{100} facets. Gold etching is done by atmospheric O in presence of halides. Selective etching of
{100} facets took place as ToA" ions present in the reaction medium selectively capped the
{111} facets. Similarly, the {100} facets were protected by the adsorbed Br™ ions while {111}
facets were etched. Trigonal bipyramids and hexapods are the final products obtained by the
selective etching of {100} and {111} facets respectively. In both cases, etching initiated at the
corners, and then spread towards the edges. Complete etching produced corrugated facets that
have been assigned to high index facets. Anisotropic etching of microcrystals is remarkable not
only for producing various interesting shapes but also for creating high index facets over large
surface area (~ hundreds of pm?). More importantly, it is observed that the selective etching was
dependent only on the crystallography of the facets and not on the specific geometry of the
microcrystal. Due to the nanocorrugations, etched surfaces exhibited enhanced Raman signal of

an analyte while no enhancement was observed from the smooth surfaces.
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Chapter - 4

Site Selective Cu Deposition on Au Microcrystallites: Corners,
Edges versus Planar Surfaces

Summary

Among epitaxially grown metal over metal systems, Cu on Au surface forms a notable exception
given the large lattice mismatch (~ 11.2%). Although widely observed, Cu growth on Au is less
understood at both nano and bulk length scales. The present study has relied on Au
microcrystallites which provide adequate platform to access both the length scales and thus have
examined Cu electroless deposition using electron microscopy techniques, on planar as well as
corner and edge regions distinctly. Amazingly, the growth at different regions was found to be
highly varied; the corners were found to be most active, followed by edges and planar regions.
Interestingly, sharper the corner more was the Cu deposition. Importantly, both Au{111} and
Au{100} facets could be explored simultaneously, using a routine electron microscope.

4.1 Introduction

Heterometallic systems are interesting due to their enhanced chemical stability and catalytical
activity (1). In recent years, these interfaces are being revisited equipped with new synthetic
recipes and advanced microscopy tools (2-6). Various physical and chemical methods have been
employed for conformal growth of one metal over another, where the growth can be epitaxial or
non-epitaxial. Usually, epitaxial growth takes place when the lattice mismatch between the
participating metals is below 5%, Au/Ag (6), Au/Pd (7) and Pd/Pt (4) being well known
examples. Metals with higher lattice mismatch (such as Pd/Ag) do not tend to exhibit epitaxial
growth; however, Cu epitaxial growth on various noble and semi-noble metal surfaces is a clear
exception. For instance, despite higher lattice mismatch, Cu can epitaxially grow on Pd (7.1%)
(2) and Au (11.2%) due to favorable underpotential deposition (UPD) (5, 8-10) and higher Cu-M
bond strength (M=Pd and Au, etc) (11). Sieradzki et al. have reported that the strain generated
due to the lattice mismatch gets relaxed through the generation of misfit dislocation (12). Using
scanning tunneling microscopy (STM), Magnussen et al. (13) studied the Cu growth on bulk

Au{111} surface by electrochemical deposition, and ascribed the growth mode to be Stranski-
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Krastanov (SK), i.e wetting layer and island formation take place simultaneously. On the
contrary, Grillo et al. (14) in their STM study, have reported Frank-van der Merwe (FvdM) type
growth for vacuum deposited Cu (layered by layer type growth). In the above mentioned studies,
Cu deposition was monitored only on planar surfaces, while the nature of growth at corners and
edges was not examined. Bulk single crystals used in such studies offer extended surfaces but

make edges and corners practically inaccessible.

As regards nanoparticles, Au nanocrystallites of different shapes have been tried out in solution
based epitaxial Cu deposition. Due to finite size of nanoparticles, contributions from corners and
edges become very significant (15). The relevant growth modes (FvdM (16) and Tsuji—Ikedo
type growth (17) have been identified using high resolution transmission electron microscopy
(TEM). In spite of high resolution imaging, finer details relating to shape and crystallographic
orientation of the deposited Cu islands could not been discerned (16, 17). In other words, the
nature of growth on planar nanoparticle surface as against that on corners and edges, is usually
not easily distinguishable, although the nanoparticle as a whole is accessible in microscopy. The
issue therefore appears to be around the length scale associated with the bimetal system, single
crystals and nanocrystallites being at extreme ends of the scale. An intermediate length scale
pertaining to microcrystals should provide the right platform to access all three simultaneously -
planar surface, corners and edges, while being able to distinguish and study the nature of growth
at each region. Well faceted Au microcrystals grown using a recipe developed in the laboratory
indeed prompted this study (18-20). To grow Cu epitaxially, electroless deposition method was
adopted (21), so that external influences are avoided. The extent of Cu deposition on different
regions of microcrystallite was monitored using electron microscopy (SEM) and the elemental
identity by energy dispersive x-ray analysis (EDS). Where relevant, TEM and X-ray diffraction
(XRD) techniques have also been employed. The effect of microcrystal size on Cu deposition
has also been investigated. The present study thus not only provides a satisfactory explanation

for Cu growth on Au but also puts all ambiguities to rest, related to lattice mismatch and epitaxy.

4.2 Scope of the present investigation

In this chapter, the epitaxial growth of Cu on Au microcrystallites has been demonstrated. Unlike

previous studies, Au crystallites of adequate size were chosen to study the Cu epitaxial growth.
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Here, for the first time, it is shown that Cu deposition takes place preferentially at sharp corners,
followed by edges and planar regions much against the high lattice mismatch. The size of Au

crystallite also influences the Cu deposition.
4.3 Experimental Section

4.3.1 Materials

Gold chloride (HAuUCly), tetraoctylammonium Bromide (ToABr), copper sulphate (CuSOy),
sodium potassium tartrate (KNaC4H4Os-4H,0), sodium hydroxide (NaOH) and toluene were
used. All reagents were purchased from spectrochem, India. Water used in this study was double
distilled and deionized. Si substrates were cleaned with water, IPA, toluene and dried under N,

gas.
4.3.2 Synthesis of Au microcrystallites

Au microcrystallites were prepared by using one of our recent reports. Briefly, to a 100 pL of
HAUCI, (25 mM), 300 pL of ToABr in toluene (50 mM) was added and stirred for 5 min. 100
pL of organic layer was coated on a Si substrate and heated at 135 °C on a hot plate in air. After
growing Au microcrystals, they were washed with toluene to remove any residual precursor and

dried with flowing nitrogen.
4.3.2 Cu electroless deposition

Copper plating solution contains solutions A and B. Solution A was prepared by dissolving
CuSOq (3 g), sodium potassium tartrate (14 g) and NaOH (4 g) in 100 ml of distilled water.
Solution B was aqueous solution of formaldehyde (37.2 wt%). Solution A and B were mixed in
the volume ratio of 5:1. For Cu electroless deposition, Au microcrystallites were dipped in
plating solution. The process was halted at different times by taking out the sample from
solution. The obtained Au/Cu crystallites were characterized using SEM, EDS, TEM and XRD
techniques.

51



4.4 Results and discussion

Au microcrystals were prepared using a method reported recently (18-20). Briefly, AuToABr
complex is prepared by the stabilization of (AuCl,)” with tetraoctylammonium bromide (ToABTr)
in toluene (~ 50 mM). A few drops (~ 30 uL) of AuToABr solution was drop-coated on a Si
substrate, thermalized on a hot plate at 135 °C in air for 1h. The samples were washed with
toluene to dissolve away the unreacted precursor. Among the obtained Au microcrystals,
hexagons and triangles occurred more frequently, while cuboctahedrons, penta-twinned nanorods
and decahedrons form the minor products. The width of these crystals ranges from ~ 0.7 to 80
pm. The crystallites exhibit well defined smooth facets, assignable to {111} and {100} (20). One

such Au microcrystal is shown in Fig. 4.1(a). In hexagons, triangles and cuboctahedrons, top and
bottom facets are made of {111} facets, whereas the {100} and {111} construct the side facets
(Figs. 4.1(b-c)) (20).

Figure 4.1 (a, b) SEM images at different magnifications of a Au microcrystal, and (c) side view

of a Au microcrystallite, assigned with {111} and {100} facets.

To grow Cu epitaxially on Au microcrystals, electroless deposition method is preferable as the
process will be guided by the nature of the host surface rather than an external electric field (13).
For the same reason, the crystallites were used without any surface modification. The deposition
involved the reduction of Cu(ll) - tartrate in alkaline medium with formaldehyde onto the Au
microcrystals (22). Here, Au being an active catalyst for oxidation of formaldehyde in basic
medium is clearly an advantage (23). Hence, Cu deposition takes place rapidly on the Au

crystallites. The reduction of Cu(Il) can be described as following equations (22).
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HCHO+OH —>  HCOO +%H,+ 2¢e Q)
Cu(ll) + 2¢ — Cu(0) (2)

For electroless deposition of Cu, as-prepared Au microcrystals were immersed in the copper
plating solution. A series of intermediate products were captured by halting the Cu deposition at
different times. After plating, the samples were washed with water, ethanol, and dried under N,
gas. Cu growth on Au surfaces has revealed several interesting aspects as discussed below. In
very initial stages, Au surfaces become somewhat rough (Fig. 4.2) before distinct deposition can
be observed, which may be attributed to Cu wetting layer (see EDS in Fig. 4.2).

Si K
CulL

1 2 3
X-ray energy (keV)

Figure 4.2 (a-b) SEM images of Au microcrystallite just after ~ 15 seconds of Cu plating.
Arrows show the roughened regions caused by Cu deposition. (c) EDS spectrum shows the
weak Cu L signal attributed to the Cu wetting layer.

After 4 min exposure to the plating solution, the Au{111} facets get covered with triangle and
hexagonal shaped islands (Figs 4.3(c-h)), while on Au{100} facets square shaped islands are
seen (Figs. 4.3(i-1)), and all the islands are composed of Cu as evident from EDS analysis (see
the spectrum in Fig. 4.3(i). Interestingly, the interior angles of Cu triangles and hexagons are ~
60° and ~ 120° respectively which essentially reflect the symmetry of the Au{111} facet itself.
Further, the angles between two adjacent Cu islands are ~ 60° and 120°, indicating that the space
between Cu islands can be filled by either a triangle (for 60° gap) or by a hexagon (120°) (Fig.
4.3(d)), clearly indicating epitaxial relation in the growth. This observation is similar to that
made by Magnussen et al. based on in situ STM studies of the surface (13). After prolonged
deposition, the size of the Cu islands increased up to ~ 400 nm (Fig. 4.3(f)), and the average

height, up to ~ 140 nm (Fig. 4.4) to eventually form a continuous film (Fig. 4.3(g)). Similarly on
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the {100} facets, square shaped Cu islands with interior angle of 90° closely pack themselves
(Figs. 4.3(i-k)). Like the parent Au crystallites, the Cu crystallites (islands) are seen enclosed
with well-defined facets; those formed on Au{111} are enclosed with {111} and {100} facets
(Fig. 4.3(e)), while those on {100} follow the substrate morphology itself (Fig. 4.3(j)) (5). The

above observations are schematically illustrated in Figs. 4.3(h) and (I).

Py

1 @i
“X-ray energy(keV) my, ™
A -

5 = 05pm

Figure 4.3 (a, b) SEM images of a Au microcrystal at different magnifications before Cu
deposition. SEM images depicting the shape of Cu islands formed on Au{111} (c-h) and
Au{100} (i-l) facets. Pictorial representation of Cu islands on Au{111} and {100} facets are
shown in (h) and (I) respectively. The corresponding EDS spectrum collected from Cu islands is

shown on the top of the image f.

It appears that Cu initially forms a wetting layer as seen by the EDS and increase in surface
roughness before well-defined islands could grow with specific relation to the geometry of the
underlying Au facet. This growth therefore closely resembles the SK (Stranski-Krastanow) mode
(5), which is also understandable following the three rules introduced by Fan et al. for bimetal
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interfaces (3). Because of lower atomic radius and electronegativity values of Cu (0.138 nm, 1.9
eV) compared to those of Au (0.144 nm, 2.54 eV), and higher Au-Cu bond strength, Cu can
easily wet the Au surface forming few layers (16). As the deposition advances, island-like Cu
crystallites are formed as shown in Fig. 4.3. Our observations on Au microcrystals differ from
those made by Tsuji et al. and Yoshida et al. on Au nanocrystals who reported layer type growth
mode (16, 17). The nanocrystal surface being relatively more active, only layer type deposition

may be favored.

0.3 um

150 300 450
Distance (nm)

Figure 4.4 (a-c) AFM images of Cu islands formed on Au hexagon. (d) Height profile along the

line drawn in c.
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In Figs. 4.5(a-f), are shown examples of SEM and EDS mapping of Au trapezoid microcrystals
with top {111} facet hosting 60° and 120° corners. After 4 minutes of electroless reaction (Fig.
4.5(a)), the extent of Cu deposition is found to be relatively high at the 60° corners compared to
that at 120° corners and interestingly, no deposition is seen in the center (see Cu L contour image
in Fig. 4.5(d). From the 60° corner (C1) seen at the top of the image, the deposition extends up to
~ 7.5 um inwardly on the {111} facet, which is slightly less (5.3 pm) for the left 60° corner (C2)
presumably due to its lesser sharpness. Importantly for 120° corners (C3 and C4), these values
are much lower (1.5-1.7 pm).

120° 125?\
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Figure 4.5 (a-c) SEM images of trapezoid Au crystals after Cu deposition for (a) 4, (b) 8 and (c)
12 min. (d-f) Contour plots illustrate the distribution of Cu L signal across the Au crystallites
shown in a, b and c respectively. (g) Schematic illustration of site selective Cu deposition on Au

microcrystals. Scale bar, 10 pm.
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The above observations clearly indicate that the propensity of Cu deposition is varied around the
given Au{111} facet implying a lower Au-Cu lattice on the angle enclosed at the corner. The
{111} facet exhibits corners with angles of 120° and 60° and the corresponding CN values are 6
and 5. The Au-Au bond length is mismatch at corners and edges, else the observed deposition
would have been uniform all over the surface. It may be noted that these observations are quite
different from what is reported in the literature. In earlier studies on large Au single crystal
surfaces (typically few mm to cm), the corners and edges have not been examined.® In case of
nanocrystallites, Tsuji et al. have reported non-uniform deposition of Cu and Ni on Au
nanocrystallites (16, 24), which was attributed to higher lattice mismatch. However, there has
been no detailed study that deals with the participation of corners and interior angles of facets of
nano/microcrystallites in obtaining hetero-metallic systems. In our study, this aspect has come
out quite clearly. The above observations may be explained based on local reactivity as well as
lattice mismatch between the Au surface and the incoming Cu. In general, surface atoms have
lower coordination number than the bulk atoms (CN, 12) (25, 26). The CN value for surface Au
atoms on the {111} and {100} facets is 9 and 8 respectively. At edges, it is 7 and at the corners,
it can be even lower, depending known to decrease with lowering CN value (Fig. 4.6(b)).
Accordingly, the order of Au-Au bond length is as follows: bulk (2.88 A) > surface Au{111}
(2.84 A) > surface Au{100} (2.82 A) > edge (2.80 A) > corner with 120° (2.78 A) and corner
with 60° (2.77 A) (25-28). It is evident that the mismatch with respect to Cu-Cu bond length
(2.56 A) (29) should follow the same order: 11.2% (bulk), 9.85% (surface {111}), 9.21%
(surface {100}), 8.57% (edge), 7.91% (120° corner) and 7.58% (60° corner) (Fig. 4.6(a)) (25). A
similar trend has been obtained in DFT study (27). From these considerations, one may expect
that the propensity of Cu deposition should increase in the same order. It appears that as more
and more Cu is deposited at the corners and edges, the growth towards the central region is
essentially independent of the underlying substrate, depends rather on interfacial strain (30). This
kind of site selective Cu deposition on Au has been observed for the first time, to the best of our

knowledge.

After 8 minutes, Cu deposition extends gradually to the center of the microcrystal (Figs. 4.5(b)
and (e)), to eventually cover the whole facet (Figs. 4.5(c, f)). After 12 minutes, Au crystallites of
different shapes are fully covered by Cu (Fig. 4.7). The progress of Cu deposition is illustrated in
the schematic in Fig. 4.5(g). A similar trend was seen in a hexagonal shaped Au microcrystal
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hosting top {111} facet with 120° corners. Cu deposition started at corners, edges and

propagated to center of the Au hexagon. Therefore, it is understandable that Cu deposition

selectively commences from the sharp corners, followed by edges, and progresses towards the

center of the microcrystal.

Coordination 12 9 8 7 6 5
Number (CN) 28
Location Bulk (111) (100) Edge corner corner
surface | Surface (120 deg) (60 deg)
Au-Au 2.88 2.84 2.82 2.80 2.78 2.77
Bond length
(A 25, 26
Mismatch (%) 11.11 9.85 9.21 8.57 7.91 7.58

60° Corner (5)
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Figure 4.6 (a) Calculated lattice mismatch for Cu at various sites of Au microcrystallites by
considering the bulk Cu-Cu bond length of 2.56 A (ref 29). Au-Au bond lengths are taken from
refs 25 and 26. (b) Schematic illustration of various sites on a trapezoid with the respective

coordination number (CN) in bracket.
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Figure 4.7 (a) Schematic illustrating synthesis of Au/Cu core-shell crystallites. SEM images of a
Au hexagonal microcrystal, before (b) and after Cu deposition (c) with corresponding EDS
curves in (d) and (e) respectively. SEM images of Au microcrystals of different shapes before (k-
n) and after Cu deposition (f-m); triangle (f and j), cuboctahedron (g and k), penta-twinned
nanorod (h and I) and decahedron (i and m). The interior angles of {111} and {100} facets of
various geometries have been assigned. (n) Summary of possible compositions of Au and Cu.
Numbers shown in bold have been observed in this study and correspond only to Au and Cu
separately. Hence, there is no alloy formation. (0) XRD pattern collected from pristine Au and
Au/Cu core-shell microcrystals.

Besides the crystal shape, the size also plays a role in Cu deposition (Fig. 4.8). For a crystallite
size of ~ 52 um after 15 min exposure to electroless plating solution, the atomic ratio of Cu to
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Au as measured by EDS, was < 0.1, while the value was ~ 43 for a 0.7 um crystallite (Figs.
4.8(a-e)). It is evident that Cu to Au ratio increases as the width of the Au plate decreases. Here,
a higher atomic ratio arises due to limited penetration of the e-beam into Au due to the thick Cu
overlayer, and thus stands for relative Cu thickness. Although nano and microcrystallites possess
similar internal angles, Cu deposition is relatively higher on nanocrystallites due to their finite
size. The separation between edges increases with the size of the crystallites. Hence, in the case
of micronsize Au crystals, the time needed for the complete deposition is higher than in the case
of nanocrystallites.
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Figure 4.8 (a-b) SEM images of Au/Cu core-shell microcrystals and (c-d) the line mapping
along the lines drawn in a and b. (e) at% ratio of Cu to Au along the width of Au
microcrystallites. (f, g0 TEM image and ED pattern obtained from Au/Cu triangular
nanocrystallite. In ED, yellow and red circles represent diffraction spots from Au and Cu lattices,

respectively. Square boxes indicate the spots generated due to double diffraction.

Further, TEM analysis has also confirmed the epitaxial growth of Cu on Au crystallites. TEM
image and ED pattern of Au/Cu core-shell nanocrystallites are shown in Figs. 4.8(f) and (g). Due
to higher atomic number of Au (Z=79), the core appears much brighter than Cu shell (z=29). As
evident from the TEM image (Fig. 4.8(f)), Au/Cu core-shell nanocrystallites follow the geometry
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of the Au crystallite; it also confirms the conformal coverage of Cu on Au nanocrystallites. ED
pattern of Au/Cu triangle obtained along the <111> direction consists of two sets of hexagonal
spots that are indexable to reflections of Au and Cu (Fig. 4.8(g)). The {220} reflections of Au
and Cu are surrounded by faint diffraction spots (shown in squares). These weak reflections are
due to the double-diffraction spots of Au and Cu. Importantly, as shown in ED pattern (Fig.
4.8(9)), Au and Cu are similarly oriented irrespective of the shape of the Au core. The allowed
reflections of Au and Cu are collinear, indicating that Cu has grown epitaxially on Au despite
larger lattice mismatch (11.2%) between Au and Cu. Finally, XRD patterns recorded from
pristine Au and Au/Cu are dominated with the {111} reflection of Au due to the preferential
orientation of majority of the crystallites (Fig. 4.7(0)). Au/Cu core-shell microcrystallites exhibit
a weak reflection at ~ 43.5° assignable to Cu{111}, while other reflections of Cu are not seen in
the XRD pattern. Importantly in the XRD pattern, neither new peaks nor deformation in any of
the peaks, is observed, indicating the absence of Au-Cu alloy formation and the core/shell

formation does not affect the lattice parameters of Au and Cu (see Table in Fig. 4.7(n)).

4.5 Conclusion

In conclusion, the present study addresses the epitaxial growth of Cu on Au surface employing
Au microcrystallites of different shapes in a simple electroless deposition method. Cu growth
involved the formation of wet-layer on Au surfaces followed by islands, which is the classical
SK mode. The shape of the Cu islands follows the crystal nature of underlying surface;
hexagonal, triangle and square shaped Cu islands have been observed on Au{111} and Au{100}
facets, respectively. For the first time, the role of the surface site, planar, edge or corner, on Cu
epitaxial growth is demonstrated here. Cu deposition was found to be dependent on the local
reactivity of the sites rather than shape of the crystallites. It is clearly shown that Cu deposition
commenced at sharper corners (60°) followed by broader 120° corners and edges, and finally, at
planar sites. Size effect on Cu deposition has also been studied. Cu deposition is relatively
slower on larger Au crystallites than on smaller crystallites. The work demonstrated here is in
principle, extendable to other noble metals with high lattice mismatches, for example Ag/Cu and

AU/Ni systems.
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Chapter -5

Highly tapered pentagonal bipyramidal Au microcrystals with high

index faceted corrugation: Synthesis and optical properties

Summary

Focusing light at sub-wavelength region opens up interesting applications in optical
sensing and imaging beyond the diffraction limit. In the past, tapered Au wires with carved
gratings have been employed to achieve nanofocusing. The fabrication process however, is
expensive and the obtained wires are polycrystalline with high surface roughness. A chemical
synthetic method overcoming these hurdles should be an attractive alternative. Here, a simple
method is reported to chemically synthesize Au microcrystals (~ 10 pm) bearing pentagonal
bipyramidal morphology with surface corrugations assignable to high index planes. The method
is a single step solid state synthesis at a temperature amenable to common substrates. The
microcrystals are tapered at both ends forming sharp tips (~ 55 nm). Individual microcrystals
have been used as pick and probe SERS substrates for a dye embedded in a polymer matrix. The

unique geometry of the microcrystal also enables light propagation across its length.

5.1 Introduction

One-dimensional (1D) metal nanostructures have gained importance over the last decade due to
their interesting optical properties such as tunable absorption from visible to near infrared region
(1) and Raman scattering (2). They exhibit distinct surface plasmon features, transverse and
longitudinal, associated with their dimensionality (3) which is routinely observed with Ag and
Au nanowires (4). Apart from nanowires, there are other quasi 1D structures namely bipyramids
or nanorice, bulged in the center and tapered at the ends (5), which have been the focus of recent
research on anisotropic structures. For instance, Liu et al. have reported the synthesis of Au
bipyramids with lengths of, 120 nm prepared in a highly acidic medium (6). Zheng et al. have
synthesized Au nanorice (50-70 nm) bound by high index planes and utilized them for carbon
monoxide oxidation (7). Additionally, Au bipyramids have been employed in varied applications

such as dampening of acoustic vibrations (8) and dielectric sensing (9). Au nanostars with sharp
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tips have shown superior surface enhanced Raman spectroscopy (SERS) activity (10) and

plasmon mediated sensing (11). Odom and co-workers have shown the photothermal response of

the Au nanopyramids with sharp tips (12). Nanorice-like structures have been reported in the

case of Ag as well (13). Recently, star-fruit shaped Au nanorods of lengths up to, 1 um have

been reported by Vigderman and co-workers (14). However in such cases (15), the structures

obtained are usually not beyond, 1 um (for a comprehensive survey of the current literature on

bipyramids, see Table 5.1).

Table 5.1 Literature reports for the synthesis of Au rice/pentagonal bipyramidal

structures.
S.No Shape Approximate Reference
length (nm)
1 Au bipyramids 75 (16)
2 Au bipyramids 100 (6)
3 Au/Ag alloy bipyramids 40-90 a7
4 Au bipyramids 200 (5)
5 Au bipyramids 75 (8)
6 Au bipyramids 100 (18)
7 Au bipyramids 250-350 (19)
8 Au bipyramids 100 9
9 Ag nanorice 450 (13)
10 Au bipyramids 600 (20)
11 Au bipyramids 130 (21)
12 Au bipyramids 100 (22)
13 Au bipyramids 70 (15)
14 Au nanorice 50-70 @)
15 AU nanorice 370 (23)
16 Au bipyramids 100 (24)
17 Au bipyramids 100 (25)
18 Au bipyramids 55 (26)
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Besides chemical methods, lithography based methods have also been employed to
produce metal anisotropic structures. Metal wires with sharp tips produced by lithography are
most sought after in plasmonic waveguides (27). However, lithography based method involve
prefabricated templates, focused ion beam (FIB) milling, metal deposition, template stripping

and such processes (28-30) and are not practical for large scale synthesis.

5.2 Scope of the investigation

This chapter deals with a simple method of producing Au p-corrugated pentagonal bipyramids
(U-CPBs) in high yield, with lengths beyond 10 um, tips being sharp (tip diameter < 50 nm). For
many applications such as optical nano-focusing (31, 32), it is desirable to have nanowire-like
lengths, i.e., typically few micrometers but with the aforementioned special morphology. This
explains the reason why many have resorted to using lithography methods to obtain large metal
anisotropic structures such as pyramids and grooved structures required in nanophotonic
applications (29). In this chapter, the synthesis and microscopy characterization of pentagonal
bipyramidal structures of Au (~ 10 um long) reported. The obtained individual microcrystals

have been employed as SERS substrates and optical waveguides.

5.3 Experimental Section

Hydrogen tetrachloroaurate(lll) hydrate (HAuCI4.3H,0), silver nitrate (AgNO3),
tetraoctylammonium bromide (ToABr), and toluene were obtained from spectrochem, India and
used without further purification. The water used throughout this investigation was double
distilled and deionized. To a 1.5 mL of HAuCl, (25 mM), 6 mL of tetraoctylammonium bromide
(ToABY) in toluene (50 mM) was added and stirred for 5 min. The bottom aqueous phase became
colorless and top organic phase developed red color. Then, a 0.5 mL of AgNO3 (25 mM) was
added to the solution and stirred for ~ 10 hrs. The resultant organic phase was in red color as
shown in Fig 5.1. In this case, the volume ratio of Au(l11) and Ag(l) in aqueous phase was 75:25.
Likewise, different volume ratios of Au(lll) and Ag(l) such as 50:50, 65:35, 80:20, 90:10 have

been prepared. In all the experiments, the volume ratio of aqueous and organic phase was kept

66



constant as 1:3. The substrates used i.e., Si and glass were cleaned twice with water, IPA, toluene
and dried under N gas.

O
=
=
T
>
7
Phase o AgNO; (AQ)
transfer > Stirring

Figure 5.1 Steps involved in the precursor preparation.

5.4 Results and discussion
5.4.1 Characterization of AUAgTOABr

The phase transferred organic phase (henceforth termed as AuAg-ToABr) was separated using a
micropipette. After the evaporation of solvent, the isolated solid precursor was characterized
using IR spectroscopy, XRD and TGA (Fig 5.2)
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Figure 5.2 (a) IR spectrum, (b) XRD and (c) TGA of AUAgTOABT.

In the IR spectrum (Fig 5.2), the peaks at 2952 and 2870 cm™correspond to asymmetrical and
symmetrical vibrational modes of CHs, respectively. The peaks at 2924 and 2850 cm™ refer to
asymmetrical and symmetrical vibrational modes of CH,, respectively. The IR data shows the
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presence of ToABr organic component in the precursor. The precursor solid was further
characterized using XRD (Fig 5.2). TGA plot showing various stages (I-111) of decomposition of
the precursor. The decomposition starts at ~ 160 °C and the weight loss occurs in three steps -
region 1 (20.46%;1 mole of ToA, Cl, and Br,), regions Il (53.61%;3 moles of ToA, 2 moles of n-
octyl bromide, Cl, or HBr) and region 111 (12.31%; 1 mole of ToA) corresponding respectively to
solvent evaporation, AUAgToABr decomposition, desorption of ToA, and CI’, and the metallic
residue (Fig 5.2). Majority of the weight loss is due to the removal of the ToA and it occurs in
the range of 150-300 °C. Based on TGA, the derived formula is (AuCl;)"(AgCly)".4ToABr,

which in a simplified way, is written as AUAQTOABT.

5.4.2 Optimization of synthesis conditions

X-Ray energy (kev)

Figure 5.3 (a) Low magnification SEM image of Au polygons obtained by the thermolysis of
AuToABr (without Ag) at 135 °C. (b) A magnified image of a polygon. (c) SEM image of the
product obtained by the thermolysis of AgToABr (without Au) at 135 °C for 11 hrs. (d) EDS

spectrum collected from a crystal confirms that the product is AgBr.

Anisotropic structures of Au reported in the literature are usually obtained via solution phase
synthesis, upon reduction of metal ions stabilized with a suitable surfactant, in the presence of

Ag(l) ions (5, 6). The latter is understood to play a key role in producing high index planes
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resulting in interesting morphologies (33, 34). Nevertheless, these are seed-mediated multistep
reactions (19) employing high concentrations of surfactants (21) or highly acidic conditions to

control the growth (8).

The method, presented in this chapter, makes use of Ag(l) but not in solution phase. It is
essentially a simple, single step solid state synthesis on a flat substrate, in which a precursor, i.e.,
a mixture of Au(lll) and Ag (1) stabilized by tetraoctylammonium bromide (ToABr) named as
AUAQgTOABI, is subjected to thermolysis on a hot plate in air, to produce long corrugated
pentagonal bipyramidal microcrystals. The background, which led to this recipe, is interesting.
Recently, some of us reported the synthesis of single crystalline Au microplates by the
thermolysis of Au(lll) stabilized with ToABr (AuToABr) (Figs 5.3(a, b)) (35). Similar attempts
with AgToABr led to AgBr (Figs 5.3(c, d)) (36), as Ag-Br formation is thermodynamically more
favorable than of Ag-Ag (37).

Upon drop coating a mixed precursor (75:25 of Au(lll):Ag(l)) on a Si substrate and
thermolyzing in air (see schematic in Fig. 5.4), there were no plate-like structures but instead
micron sized long structures and symmetric 3D particles were obtained along with AgBr
particles (Figs 5.4(b-d)). The latter could be washed away by treating with liguor ammonia. The
focus of the present study is on the long micron sized anisotropic structures. As shown in the
scanning electron microscopy (SEM) images in Fig. 5.4(e) and (f), the obtained structures are
10+2 mm long. The central diameter was found to be in the range, 0.9-1.15 um with a typical
aspect ratio of ~ 7 (see histogram in Fig 5.4 (e)).

The magnified images in Figs. 5.4(f, g) and (h) bring out the interesting morphology of the long
structures. They are tapered on both sides, from the center to the tips and the tapering is not
smooth but corrugated. The tips are sharp with a radius of curvature of, 55 nm and a tip angle of
~ 30° (Fig 5.4(q)).

The contiguous corrugated features appear akin to folded fingers (Fig 5.4(h)). A side view
reveals that the corrugated steps are approximately arranged in a pentagonal symmetry (Fig
5.4(i)) along the long axis. These interesting structures are termed as micron sized corrugated
pentagonal bipyramids (u-CPBs). Atomic force microscopy (AFM) topography image (Fig
5.4(j)) shows a well-defined stepped surface which is reflected in the height profile shown in Fig.

5.4(k). The width of the steps varied from, 180 nm at the tip to, 675 nm at the center. The surface
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roughness on the flat regions of u-CPB was minimal i.e., 1.5 nm. It is of considerable importance

to have minimal surface roughness to alleviate the loss in light propagation studies (29).
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Figure 5.4 (a) Schematic illustrating the synthesis of u-CPBs. SEM images of u-CPBs prepared
at 135 °C for 75:25 of Au(lll):Ag(l) — (b) low magnification showing AgBr microcrystals and
their EDS spectrum (c). (d) XRD pattern collected from as prepared sample. SEM image view
showing (e) the collection of various shaped Au crystals, (f) single u-CPB, (g) magnified view of
the tip and (h) side facets marked in (f). (i) High resolution image of the pentagonal symmetry at
the tip. (j) AFM topography image of the stepped surface of a u-CPB and (k) height profile along
the line drawn in (j). Inset in e shows the variation in the aspect ratio of long structures (u-
CPBs).
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Figure 5.5 (a-f) SEM images of u-CPBs prepared with different mole ratios of Au(lll) and
Ag(l) at 135 °C. (g) Histograms showing the relative populations of p-CPBs and 3D particles
obtained for various thermolysis temperatures (Au(ll1):Ag(l) ratio, 75:25). Error bars represent
standard deviations in the yields. (h—j) SEM images of u-CPBs obtained at various thermolysis

temperatures. All scale bars correspond to 1 um.

The morphology of p-CPBs and their relative population to other
3D particles depend on the Au(lll):Ag(l) ratio in the precursor as well as on the thermolysis
temperature (Fig 5.5). Elongated structures were observed when Au(l11):Ag(l) = 90:10 ratio was
employed (Fig 5.5(a)). They appear as dumbbells with pentagonal symmetry with flattened
smooth edges; and the average length was found to be, 3 um. The average length increased to ~
3.5 um with 80:20 of Au(lll):Ag(l) and the elongated structures (see Fig 5.5(b)) resembled
closely p-CPBs obtained with the 75:25 ratio (Fig 5.4). The surface morphology was found to be
sensitive in this concentration region (see Fig 5.5(c—e)). At 50:50, the pentagonal bipyramids
possess small length (1.5 pum) with smooth surface (Fig 5.5(f)). From the above experiments, it is
clear that 75:25 of Au(lll):Ag(l) produced the longest particles (u-CPBs) with well-developed
corrugations.

It is noteworthy that the p-CPBs produced in this study are distinct from the
nanorice/bipyramidal particles reported in the literature (5, 7, 38), the latter being typically sub-
pm in length. As p-CPBs are few micrometers in length, they can be easily visualized and
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manipulated under a conventional optical microscope (see Fig 5.6) unlike the

nanorice/bipyramids.

Figure 5.6 a-b, Optical microscopy images of u-CPBs at different magnifications.

Besides the metal content, thermolysis temperature was found to be a crucial parameter for
controlling the structure of u-CPBs. The histogram in Fig. 5.5(g) shows the relative yields of p-
CPBs and 3D structures as a function of thermolysis temperature. u-CPBs yield is above 45% at
all temperatures. The thermogravimetric analysis indicates that there is no weight loss below 135
°C and the precursor decomposition is rapid above 170 °C (see Fig 5.2(c)). The length and
morphology of pu-CPBs are influenced by the rate of precursor decomposition; slower the
decomposition, longer the p-CPBs. At 135 °C and 155 °C, long u-CPBs with sharp tips were
observed, while short pentagonal bipyramids with blunt tips and smoother surfaces are seen at
higher temperatures (see Fig. 5.5(i) and (j)). The ones observed at 175 °C (see Fig. 5.5(i)) are
bipyramids which possess similar morphology as reported in ref (15). The p-CPBs prepared at
250 °C (see Fig. 5.5(j)) resemble the nanorods morphology reported in the literature (38). Thus,
higher growth kinetics does not seem to permit the formation a well corrugated surface. A higher
reduction rate at elevated temperatures leads to large number of nucleation sites and in turn, a

large number of smaller particles.
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5.4.3 Structure of u-CPB

In order to understand the structure of the u-CPBs in detail, X-ray diffraction (XRD), SEM and

transmission electron microscopy (TEM) analysis have been performed. The p-CPBs are highly
crystalline as evident from the XRD pattern (Fig 5.4(d)). Low magnification TEM image (Fig
5.7(a)) shows the corrugated surface of a u-CPB. Electron diffraction (ED) pattern collected
from the tip showed two sets of spots (see Fig 5.7(b), hexagonal and rhombus patterns
overlapping each other. These correspond to the Au FCC lattice viewed along the <111> and
<110> zone axes, respectively. The ED pattern from the center of u-CPB also shows two sets of
spots indexable to <112> and <001> zone axes (see Fig. 5.7(c)). Similar ED patterns have been
observed in the case of penta-twinned Au, Ag and Cu nanorods (39). This indicates that the p-
CPBs possess a penta-twinned structure grown along the <110> direction. When high resolution
TEM (HRTEM) was performed at the tip, the observed spacing between the fringes was ~ 2.36
A’ corresponding to a d-spacing of Au(111) (see Fig. 5.7(d)). Figure 5.7(e) shows HRTEM
image collected from the region of the side facets of u-CPBs (indicated as e in Fig. 5.7(a)). The
d-spacing was ~ 2.07 A° corresponding to Au(200). The zig-zag ridges cannot be the (100)
planes as the latter are atomically flat. The values of the angles at the ridges point to plausible
existence of high-index planes. From the TEM image (Fig 5.7(f)), the angles subtended by the
surface planes of the adjacent ridges are measured to be 147.1° and 146.8 °, which are in close
agreement with expected angular relation for the (730) and (610) (£a=147.3° and, (210) and
(910) (£B=147.09°) (see Table 5.2).
To further confirm the assignments, one may refer to the projection angles in edge-on orientation
along the <110> axis (see Table 5.2 and Fig. 5.7(g). Considering the ridges to be extraneous
growth from the atomically flat (100) planes, the measure edge-on projection angles indicate that
the ridges are {hk0} (see Tables 5.2 and 5.3 and Figs. 5.7(f) and (g)) (where h>1 and k>1) type
high-index planes (7). Based on the above results, the growth direction of the pu-CPBs is
considered to be <110> while the side facets are (100). The tips are enclosed with stable {111}
facets, in agreement with the reported literature on Au nanorice (5, 7). Figure 5.7(h) shows a
highly magnified SEM image of a p-CPB with various planes and growth directions assigned,
based on ED and HRTEM analysis.
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Figure 5.7 (a) TEM image of p-CPB showing corrugated steps. ED patterns from p-CPB’s (b)
tip and (c) center are shown. HRTEM images from the (d) tip and (e) side edges of u-CPBs are
shown along with the d-spacings marked corresponding to (111) and (200) respectively. (f)
Magnified TEM image of a u-CPB, showing ridges made of {hk0} type high index facets. (g) A
schematic illustration of a ridge bound by high index facets and (h) a magnified SEM image of a

p-CPB with the facets indexed.

100 nm

Facet-1 Facet-11 Measured angle (°) | Theoretical angle (°)
{730} {610} 147.1 147.34
{210} {910} 146.8 147.09
{100} {610} 9.82 9.46

{100} {730} 235 23.2

{100} {910} 6.33 6.2

{100} {210} 26.7 26.57

Table 5.2 Angular relation between various facets.
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Facet Notation

{610} Au(S)-[6(100)x1(110)]
{210} Au(S)-[2(100)x1(110)
{910} Au(S)-[9(100)x1(110)
{730} Au(S)-[1(520)x1(210)]

Table 5.3 Micro facet notation of various facets.

For a Miller indices (n10), n(100)x(110) is the notation. The contribution of {100} is
predominate in constructing {hk0} type high index planes.

The surface composition of u-CPBs was examined using core-level spectroscopy (see Fig. 5.8).
Interestingly, the surface was found to be almost entirely made of Au(0), Ag(0) being negligible.
The metal-organic precursor contains Ag(l) ions which guide the Au microcrystal growth. In the
absence of Ag(l) in the precursor, only Au plate-like fcc crystallites get formed. With Ag(l) in
the precursor, bipyramidal-like morphology is found even under milder thermolysis temperature.

Ag plays multiple roles in obtaining bipyramids.
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Figure 5.8 (a) EDS spectrum collected from a u-CPB. EDS maps obtained for Au M and Ag L

levels are shown in the insets. Core level photoelectron spectra in the regions of (b) Au 4f, (c) Ag
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3d, (d) Br 3d. The u-CPBs obtained with Au(l11):Ag(l) of 75:25. The C1s (284.4 eV) signal was

used for energy calibration

I. Enhancing the penta-twinned nucleation: Thermolysis of precursor devoid of Ag(l) produces
cuboctahedron and its derivatives such as hexagonal plates, triangles and truncated octahedrons
in a major proportion (~ 90%) while the penta twinned decahedrons and nanorods being the side
products (~ 10%) (Fig 5.9). On the other hand, when Ag(l) is a part of the precursor, penta—
twinned bipyramids shaped particles are the major product (~ 60%). The preferential deposition
of Ag on Au{100} facets due to the higher coordination number and lower under potential
deposition, stabilizes the Au decahedrons. Therefore, it is understood that Ag(l) assists the
stabilization of penta-twinned particles. However, more detailed study is required in

understanding how Ag(l) promotes the penta-twinned nucleation.

ii. Providing tapered geometry: While Ag(l) promotes penta-twinned growth, it does not lead to a
Au nanowire with uniform diameter (like penta-twinned Ag nanowires described in the
literature). Instead bipyramidal-like morphology is seen which is a result of diminishing
concentration of Ag(l) in the reaction mixture. As the reaction progresses, more and more Ag(l)
gets consumed depositing on the {100} facets due to the under potential deposition (UPD). If it
were not the case, one would have expected penta-twinned nanowire like crystallites without

tapering towards the tips.

100

I AuToABr
B AuAgTOABY

% by number
Y (o)) (@]
© o o

N
o

Regular shapes Penta-twinned
Shape of the Au microcrystal

Figure 5.9 Relative percentage of Au microcrystals obtained from AuToABr and AuAgTOABr

precursors.
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iii. Stabilization of high index facets: Corrosive reagents, O,/X" (x=Cl, Br), etch the metal surface

and produce corrugated surface (40) that stabilized by a monolayer or sub monolayer of Ag.
5.4.4 Growth mechanism

The growth of u-CPBs is indeed interesting. A u-CPB has two growth modes namely along the
longitudinal axis and the lateral growth leading to the observed corrugation (five-fold stars
stacked along the longitudinal growth direction). These aspects were investigated by arresting
the growth of p-CPBs at different time periods by simply removing the substrate from the hot
plate and examining under SEM. Initially, the growth along <110> direction is discussed. The
thermolysis carried out for 30 min gave rise to nearly spherical particles in the range, 25 - 30 nm
(see Fig. 5.10). The particles may have definite facets which is however not clearly visible in the

SEM images owing to their small size.

Figure 5.10 (a-b) SEM images collected at different magnifications after 30 min thermolysis.

Irregular shaped Au nanoparticles with 20-30 nm were observed.

The facets become visible once the particles grew beyond 100 nm (time of thermolysis, 60 min).
At this point, the particle is essentially a multiply twinned decahedron (MTD) (see Fig. 5.11(b)
and its schematic in Fig. 5.11(a)) which is one among the known stable polyhedrons in this size
regime (41). It has ten {111} facets, five {100} facets and two possible growth directions, <110>
i.e., along the particle axis and also along five equivalent <112> directions across the particle
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side faces (42) as shown in Fig. 5.11(a). Anisotropic particle growth is mainly due to the
differences in the growth rates on different crystallographic facets. For FCC metals, the surface
energy of different facets is as follows, y11)< Y(100)< Y(10)- The {110} and {211} faces have
surface energies of 0.0991 and 0.0908 eV//A™ respectively. Hence a faster growth along the
<110> direction is expected (43). The growth rate along the <112> direction comes next (42).
There is another contributing factor for the anisotropic structure of the u-CPB. MTD is viewed
as an association of five tetrahedral units, sharing an edge. The angle expected between two
tetrahedral units is 70.53°. When five such tetrahedrons are stacked in a face-to-face orientation,
there will be an angular gap of 7.35° to fill in (44). It therefore causes strain at the corners, which
in turn induces anisotropic growth of p-CPBs. MTD may act as a seed for further growth and
this aspect is discussed in detail in the literature in relation to Au/Ag anisotropic structures (45).
In the given reaction mixture, the following reactions are expected where the described redox

potentials are with respect to the standard hydrogen electrode (SHE).

Ag(0) —>  Ag(D)+e Eo--08V (1)
Ag+ Br~ —> AgBr+e Eo=+03V 2
Au(III) + 3¢~ —>  Au(0) Eo=+0.99 V 3)

Following equations 1 and 2, Ag(0) oxidizes to Ag(l) and generates an electron (46, 47). Au ions
get reduced by accepting the electrons according to equation 3. It is therefore not surprising that

no significant Ag3d signal was observed in X-ray photoelectron spectrum (XPS).

1 <112>

b) 60 min | c) 120 | d) 150 mj 180 min

a)

o
S
S

S~

{111}y  <110>

=, d.0n
N7 o/0Ag < Au

h) ) > ;
A N ) B 9
* | © I
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AN —
(111)  (100) :
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Figure 5.11 (a) Schematic of decahedron with facets and growth directions marked. (b-f)
FESEM images of typical u-CPBs collected at different time periods during thermolysis at
135°C. (g) side view of the pu-CPB. (h) Schematic depicting growth along <112> directions
involving Ag(l) deposition on Au facets and galvanic displacement of Ag(0) by Au(l) from the
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surrounding molten precursor. This process eventually leads to the fivefold star shape as seen

along the <110> direction.

As shown in Fig. 5.11(c), nanoparticles obtained at 120 min thermolysis appear like elongated
decahedrons. Similar structures are addressed as nanorice in the literature. They have a typical
length of ~ 150 nm and an aspect ratio ~ 2. In the subsequent growth, the aspect ratio of the
decahedron increased by many folds (see Fig. 5.11(d) corresponding to 150 min thermolysis). In
stage 5.11d, the nanoparticles became tapered with a large curvature. The intense electric field
associated at the tip helps rapid reduction of Au(l) and Au(lll) at the tip (48), favouring the
tapered growth. Also, the electron liberated from Ag oxidation (see equations 1 and 2) moves to
the tip of the u-CPB particle, which leads to reduction of Au ions present in the reaction medium
at the tip (see equation 3) (7). These processes lead to a relatively fast kinetics for longitudinal
growth, thus eventually forming p-CPBs (see SEM images in Figs. 5.11(e) and (f)). This is clear
from the histogram in Fig. 5.12, which shows the mean length of u-CPBs as a function of growth

time.
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Figure 5.12 Histogram representing u-CPBs growth as a function of time. The data from the 30-
120 minutes period is magnified and shown in the inset. Error bars represent standard deviation
in the length of u-CPBs.
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The discussion below is related to the growth of p-CPB along the <112> direction. On the
decahedron, the strained corners act as reactive sites to generate ridges-like extra growth. As
shown in Fig. 5.11(h), the twin planes are oriented in the <112> direction. Ag(l) from precursor
deposits preferentially on the Au{100} facets due to its lower deposition potential. On this plane,
Ag finds higher coordination than on {111} (see Fig. 5.11(h)) (6). Ag(0) present on the Au{100}
facets (indicated by brown colored circles in Fig. 5.11(h) could be oxidized by a bromide ion
present in the reaction mixture, leading to discharge of an electron (equation 2) (7) and release of
AgBr. On the other hand, Ag(0) present at the boundary line where {100} facets meet (shown as
black circles in Fig. 5.11(h)), gets galvanically displaced by Au(l) and thus stabilizes the
energetic twin plane (49). This may lead to the growth of a star shape from a decahedron. The
deposition and dissolution of Ag and the galvanic displacement of Au along the <112> directions
take place repeatedly to produce well-defined star shaped Au petals on a decahedron base. These
ridges are high index planes as shown in the TEM analysis. Growth mechanism along the <112>
direction is shown in Fig. 5.11(h). The ridges along the <112> directions are the corrugated
structures observable from the top view of the p-CPBs (Fig 5.11(g)). Growth along the <110>
and <112> contribute simultaneously to produce longer pentagonal bipyramids with corrugated
surfaces. Ultra-slow precursor decomposition at 135 °C is also an important contributing factor.
At higher temperatures, the differences in the growth rates in different directions may be small.
The ten {111} facets at the tip remain almost unaffected from the seed decahedron to p-CPBs as
the growth on these planes is thermodynamically unfavourable. The longitudinal growth along
the growth axis is relatively rapid whereas the side facets i.e., {100} are adsorbed with Ag which
acts as a surfactant and thus the growth is inhibited. While Ag actively participates in the Au p-
CPBs growth, it does not become part of it. Following the Hume—Rothery rules (50), one would
expect an alloy formation, as Ag has similar lattice parameters. Not quite surprisingly, Au-Ag
alloy bipyramids (40-90 nm) have been reported in the literature starting with HAuCl,;, AgNO3
and polyvinylpyrrolidone (PVP) as a capping agent (17). In the present method, clearly, Au and
Ag though exist in atomic intimacy, did not form an alloy.

By virtue of such contributing factors at play, remarkably large multiply twinned particle (MTP)
structures (Au pu-CPBs) have thus been observed which stand out from the known anisotropic
structures till date. The MTP structures reported in literature are usually nanoparticles with

decahedron or slightly elongated rice morphology else nanowires with five-fold tapered ends.
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The p-CPB particles reported here are unique in that the tips are made of MTP structure while
the deeply corrugated surface is covered with high index facets. Large sized, micrometer to
millimeter, MTP structures are not commonly reported in the literature. Penta twinned
micron/millimeter size decahedrons and its derivative structures have been found under highly
acidic conditions (51) but with little yield. Occasionally, they may be found in nature as well

(52). Thus, the results presented here are of immense significance.
5.4.5 SERS, pick and probe measurements

The p-CPBs host nanoscale topographic features in the form of ridges which form interesting
sites for adsorption of molecules. Indeed, such confined nano-volumes act as plasmonic hot-
spots where large electric fields can build up giving rise to enhanced light-molecule interaction
such as SERS. The corrugated surface of the pu-CPB prompted us to use them as SERS
substrates.

I ' I ' I ' I
600 900 1200 1500
. -1
Raman shift (cm™)
Figure 5.13 Raman spectra recorded from single u-CPB adsorbed with the probe molecules; (a)
thiophenol (TP) and (b) Rhodamine 6G (R6G). The optical images from the Raman spectrometer

images are shown on the right. The u-CPB particles were located on a glass substrate after
treatment with the TP/ R6G solutions.
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For this purpose, thiophenol (TP) (1 mM) and Rhodamine 6G (R6G) (1 mM) were used as
Raman probe molecules. The Raman spectrum of TP recorded on an individual p-CPB shown in
Fig. 5.13(a), consists of intense peaks at 1000, 1023, 1070 and 1576 cm™, all assignable to
various vibration modes in ring breathing, C-H bending, C-S stretching and C=C bond
respectively of the aromatic ring (53). The Raman enhancement factor (G) calculated based on
the peak intensity at 1576 cm™ was found to be 4.4x10° for TP. In the spectrum shown in Fig.
5.13(b), the peaks are assignable to R6G vibrational modes; peak at 614 cm™ corresponding to C-
C-C stretching mode and the peaks at 1355 and 1509 cm™ stand for the C-C stretching (54).
Enhancement factor (also known as G-factor) was estimated to be 5.8x10° based on the peak at
614 cm™,
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Figure 5.14 (a-c) u-CPBs manipulation by a Cu wire on a Si substrate. Optical image showing

1)

(a) a Cu wire approaching the u-CPB particle (shown by arrow), (b) u-CPB held by the Cu wire
and (c) shows a magnified view of the same. (d) FESEM image of a Cu wire carrying the -
CPB, (e) zigzag line (marked by white circle) on a PVP-R6G film made by a u-CPB carried by
Cu wire (f) magnified view of zigzag line, (g-h) AFM image of zigzag line and its height profile
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showing the depth of the line is ~ 20 nm and width of the line is ~ 80 nm which is roughly equal

to tip of the u-CPB ~ 60 nm. (i) Schematic illustration of pick and probe method.

Since p-CPBs are sharp objects, the pick and probe technique was tried for molecules using
single p-CPB. A polymer (PVP) film containing probe molecules (R6G) was chosen, which was
gently scratched with a u-CPB mounted on a Cu wire using a micromanipulator (see Fig 5.14). A
small amount of R6G-PVP blend was thus picked up on the p-CPB tip. The spectrum collected
from the tip of u-CPB (see Fig. 5.14(i)) is relatively noisy and the peaks are broadened due to the
inhomogeneous environment (55) of the analyte molecules on the p-CPB surface. The number of
adsorbed R6G molecules on the tip estimated based on the area of u-CPB tip came out to be ~
2700. The above experiment illustrates the possibility of using p-CPBs in sensitive SERS based

detection.
5.4.6 Light propagation

The p-CPBs were investigated for light propagation as they have corrugated, grating-type
surface with minimal roughness at each step as well as tapered ends resembling tapered V-
grooves (56). These structural features are important because the tips can facilitate localized
optical fields while the corrugations on the surface facilitate effective conversion of free photons
to surface plasmons with minimal scattering loss (57). With this hindsight, the plasmon assisted
light propagation properties of Au p-CPBs were tested. Figure 5.15(a) shows the dark-field
optical image of an isolated Au p-CPB. Upon focusing a 632.8 nm (2 um diameter) laser beam
on one end of the Au p-CPB (Fig 5.15(b)), out-coupling of light at the distal end of the
microstructure was observed. This clearly indicated that the p-CPB acts as a plasmonic
waveguide. The incidence of visible light at one end of the structure causes the momentum of
free photons convert into momentum of propagation plasmon polariton within the
microstructure. This propagating plasmon reaches the distal end of the u-CPB where again the

plasmon polaritons are back-converted into free photons (see Figs. 5.15(b) and (c)).
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Figure 5.15 (a) Dark-field optical image of a u-CPB. (b) Plasmon assisted light propagation at
incident wavelength of 632.8 nm, the arrow indicates the polarization of the focused laser beam.
(c) Three-dimensional projection of the image in b showing the incident beam and the out-
coupled light at the distal end of the u-CPB.

In order to quantify the performance of u-CPBs as plasmon waveguides, the propagation loss

was calculated for the structure. Propagation loss () is given by (58)
a=(- 10 x log (1/e)) / Lo = 4.343 / L, ()
where L is the propagation length, calculated using the formula

I(x) = 1o x exp (- X / Lo) (5)

where g is the incident intensity, 1(x) is the intensity out-coupled light at distance x from the
incident spot. For the Au p-CPB of length 8.8 um shown in Fig. 5.15(a), the calculated
propagation loss was 2.32 dB/um. The propagation loss in the microstructure is both radiative
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and ohmic. The nanoscale ridges may scatter the plasmon resulting in photon emission. One way
to overcome the losses is to use smooth bipyramid-like structures (Fig. 5.15(a)), and further taper
them down with a focused-ion beam or possibly by a chemical recipe. This will facilitate nano-
tapered, single crystalline, low-loss plasmonic structures that can be utilized for efficient optical
waveguiding. It is to be noted that ridges in our geometry do have an advantage as they can act
as periodic hot-spots. Therefore, molecules confined to these ridges are subject to large electric
fields. This can be further harnessed for sensitive detection of molecules at ultra-low
concentrations. Furthermore, these microcrystals with controllable nanoscale features can be
easily accessed and probed using far-field optical microscopy techniques. This is a major
advantage when one needs to interface such structures with biological entities such as cells and

tissues.
5.5 Conclusion

In conclusion, u-CPBs were synthesized using a simple solid state synthesis route (i.e., unaided
by any solvent). The current method is versatile in that it is a single step synthesis and can be
carried out on almost any flat substrate that can withstand 130 °C with almost no organic
impurities in the final product. The growth of pu-CPBs can be halted or resumed any time, by
simply turning on and off the hot plate. The u-CPBs being long enough can be easily observed
using an ordinary optical microscope. Although the u-CPBs are entirely made of Au, the
presence of (AgBr,)~ ion in the reaction medium seems to play a key role in tuning the shape of
the anisotropic particles. Shape and size of the pu-CPBs can be tailored by varying the mole ratio
of Au(lll) and Ag(l) in the precursor as well as by the thermolysis temperatures. The u-CPBs
serve as excellent SERS substrates. The efficiency of the tip of a p-CPB was studied in a “pick
and probe experiment”. The tip carrying only 2700 R6G molecules produced a measurable
Raman signal. The tapered structure of u-CPB facilitates concentration of the light at the tips
with a propagation loss of 2.32 dB/um. Conventionally plasmonic nanoparticles that occupy
small volumes are used for localized surface plasmon resonance, and one dimensional elongated
structures such as plasmonic wires are utilized for optical waveguiding properties. The
uniqueness of the geometry studied herein is that it can facilitate both localized and propagating
plasmons on a single platform. As a ‘proof-of-concept’, the prepared nanostructures were

harnessed for both surface enhanced Raman scattering which is a property based on localized
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plasmons, and plasmon-assisted optical waveguiding which is based on propagating plasmon-

polaritons. While the focus of the present study is on one anisotropic structure, the approach

need not necessarily be limited; such synthetic routes involving single source precursors hold

great promise for the synthesis of exotic anisotropic materials.
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Chapter - 6

Ambient Stable Tetragonal and Orthorhombic Phases in Penta-Twinned

Bipyramidal Au Microcrystals

Summary

Face-centered cubic (fcc) lattice is the only known crystal structure of bulk gold. In the present
work, the presence of body-centered tetragonal (bct) and body-centered orthorhombic (bco)
phases have been reported in bipyramidal Au microcrystals with penta-twinned tips. These
microcrystals have been obtained by thermolysis of (AuCl,) stabilized with
tetraoctylammonium bromide (ToABr) in air at about 220 °C for 30 min. Using a laboratory
monochromatic X-ray source, the non-fcc phases could be readily detected. The remarkable
occurrence of non-fcc phases of Au grown in the temperature window of 200-250 °C results
from the geometrically induced strains in the bipyramids. Having derived first-principles
theoretical support for the temperature-dependent stability of non-fcc Au structures under stress,
the origin in soft modes is identified. Annealing at high temperatures relieves the stress, thus

destabilizing the non-fcc phases.
6.1 Introduction

Cubic lattice structure preferred by noble metals (e.g., Au, Ag, Pd and Pt) is thermodynamically
highly stable. Lower-symmetry crystal structures are not known to stabilize relative to the fcc
bulk even at high pressures (/). Observing a structural transformation in these metals is therefore
fundamentally exciting and can be possibly useful in tuning their otherwise noble behavior.
Recent explorations in this direction have focused on nanocrystals as the energy needed for
lattice distortion is relatively low when the size is few nanometers (2, 3). The presence of

structural defects can further contribute to their stability (4).

Among the possible metastable phases, hexagonal close packed (hcp) structure is quite prevalent
in Ag nanoparticles (4-13) under ambient conditions, rather infrequently in Au nanoparticles (/4-

17) (Table 6.1). Under high pressure, bet and trigonal phases have been identified in Ag and Pd

90



nanoparticles using high energy X-ray diffraction (XRD) and selective area electron diffraction

(SAED) (see Table 6.1) (2, 18, 19). Au nanocrystals are not known to exhibit such phases even

under pressure. However, fcc to bet phase transformation has been observed in small regions of

Au nanocrystals under transmission electron microscope (TEM) during tensile fracture (20, 21).

Table 6.1 Summary of literature showing the conditions have been adopted to observe non-fcc

phases.
S.No | Metal | Shape Size Pressure | Observed Techniques Ref
(um) (GPa) non-fcc used
phase(s)
1 Ag Prism 0.05 (L) Ambient hcp XRD, TEM (5)
2 Ag Prism 0.04 (L) Ambient hcp XRD (6)
3 Ag | Plate | 0.015(T)x1(L) | Ambient hcp XRD, SAED 7)
4 Ag Nano 0.1(D) x sub- Ambient hcp XRD, SAED
rod micron (8)
5 Ag Nano 0.04 (D)x50 (L) | Ambient hcp XRD, SAED 4)
Wire
(NW)
6 Ag NW 0.03 (D)x10(L) | Ambient hcp XRD, SAED 9)
7 Ag NW 0.1 (D) Ambient Pure hcp XRD, TEM (10)
(no fcc)
8 Ag Rice | 0.08 (D) x0.5 (L) | Ambient hcp XRD, SAED (11)
9 Ag | Flower 0.4 (L) Ambient hcp XRD, HRTEM | (12)
10 Au Sheet | 0.002 (T) x0.5 (L) | Ambient hcp SAED, XRD | (15-17)
11 Au - - P=248
GPa hep HESXRD (14)
T=860 K
12 Pd Cube ~0.01 (L) 24.3 bct DAC, ADXRD | (18)
13 Ag Plate 0.4 (L) 24 bct DAC, ADXRD | (19)
14 Ag Wire | 0.085 (D) x20 (L) | Ambient bct HESXRD (22,
23)
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15 Ag | Irregula 2-3.5 33 Trigonal DAC, ADXRD (@)
r and 0.05-0.1
16 Au Film 0.006 (L) x0.004 <1 bct TEM (20,
(W) 21)

17 Au Bipyra | ~1(D)x3.5(L) | Ambient bco, bct XRD, SAED | Present

mids work
T: Thickness L: Length D: Diameter W: Width
DAC - Diamond anvil cell ADXRD - Angle dispersive synchrotron XRD

HESXRD - High energy synchrotron XRD  XRD - laboratory XRD source

Among the larger crystallites exhibiting lattice distortion, penta-twinned Ag nanowires are the
most prominent (24). Along the length, the nanowire is enclosed with five {100} facets, while its
tips are made of five {111} facets hosting twin planes at each boundary (25). It is proposed that
the strain associated with twinning can give rise to bco (26) or bet (27) structure. The presence of
bct phase in Ag nanowires has been confirmed using high-energy X-ray synchrotron
measurements (22, 23). The internal strain induced by penta-twinning seems to grow with the

lateral dimension of the nanowire making larger diameters implausible (28).

There have been theoretical investigations as well. An atomistic study of thin Au nanowires has
revealed a stress-induced fcc to bet transformation for <100> orientation when external pressure
is above 1 GPa (29). While the elastic stability of the bct phase is still debated (30), thermal
vibrations can cause fcc <100> orientation to transform to bct (37, 32). Recently, large-scale
simulations of five-fold twinned nanowires using modified embedded atom method have shown
the occurrence of bco phase induced by large internal stresses concentrated at twin boundaries
(30). Further, internal strains developed in nanowires have been shown to get relieved through

the generation of dislocations, thus hindering the phase transition (37).

The possibility of inducing non-fcc phase formation is explored in highly twinned Au
microcrystals, which in our previous study were obtained in fcc under certain synthetic
conditions (33). In this work, the synthetic conditions were optimized to stabilize non-fcc phases.
The present study has thus revealed the remarkable presence of significant proportions of bco

and bct phases in Au bipyramids at ambient pressures, which could be detected easily using a
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laboratory X-ray diffraction equipment. Through first principle theoretical study of temperature-
dependent free energies of elastic distortions in the fcc structure, shown the presence of such
phases and also present a soft mode-based mechanism that captures the trends in the stability of

non-fcc phases of noble metals, in general.
6.2 Scope of the investigation

FCC is the only known crystal structure for bulk/nano Au. It is not surprising that FCC lattice is
stable even at few hundreds of GPa pressure. Here, for the first time, the ambient stable body-
centered tetragonal (bct) and body-centered orthorhombic (bco) phases have been reported in
penta -twinned Au microcrystallites. The non-FCC phases were obtained at milder synthetic
conditions and characterized using a laboratory XRD source. At ambient conditions, the non-

FCC phases are stable for years; however, converted to FCC on annealing at high temperatures.

6.3 Results and discussion

6.3.1 Stabilizing the non-FCC phases

Penta-twinned Au microcrystals were prepared by subjecting few drops of AuAgToABr solution
to different thermolysis temperatures on Si substrates (see Fig. 6.1). XRD patterns of the
obtained crystallites showed something striking (Fig. 6.1(a)). While the 150 °C preparation
showed sharp and symmetrical peaks that are indexable to bulk FCC with a lattice parameter of
4.081 A (Au, 4.0804 A, ICSD No. 180868), the diffraction pattern obtained from microcrystals
prepared at 200 °C was not quite the same. Although all intense peaks correspond to bulk FCC
structure, the emergence of new peak adjacent to FCC(200) at a slightly higher 20 value (45.05°)
is observed. Amazingly, all FCC peaks are seen considerably asymmetric and broad with the 220
°C preparation, some even exhibiting clear splitting near FCC(200) and (220). The peak shapes
encountered here may be compared with those of penta-twinned Ag nanowires obtained using a
high resolution synchrotron source (22). It appears that in our study, the Au microcrystals
synthesized at 220 °C host significant amounts of non-FCC phases. Similar peak shapes have

been observed under high pressures in other noble FCC metals (/8).
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Figure 6.1 (a) XRD patterns obtained from Au microcrystals prepared at 150 °C, 200 °C and
220 °C. Black arrows indicate features arising out of distortions from the FCC cell. SEM images
of Au microcrystals, prepared at (b) 150 °C and (h) 220 °C. Other images (c-e and i-k)
correspond to different magnifications and orientations of bipyramids. (f) Typical magnified
images of non-bipyramidal particles. Histograms of particle counts from (g) 150 °C and (I) 220

°C preparations. Scale bar where not indicated, is 500 nm.

To understand the morphological aspects of Au bipyramids hosting non-FCC phases, scanning
electron microscopy (SEM) analysis was carried out (Fig. 6.1). From the SEM images in Fig.
6.1(b) and (h) corresponding to synthetic temperatures of 150 °C and 220 °C respectively,
besides bipyramidal shaped particles (shown in blue circles), tetrahexahedral (green), hexagrams
(red) and irregular microcrystals (yellow) were also seen. The average lengths of bipyramids
prepared at 150 °C and 220 °C are 5.5 and 3.5 pm respectively (see Fig. 6.1(c) and (i)), which
are enclosed with penta-twinned tips (Fig. 6.1(¢) and (k)). In contrast to 150 °C preparation, the

94



bipyramids obtained at 220 °C has roughened surface and the edges are slightly rounded (Fig.
6.1(d) and (j)) perhaps due to rapid reduction of AuAgToABr at higher synthetic temperature.
The bipyramid grows along the <110> direction starting from a decahedron by enclosing a
highly corrugated region in between the penta-twinned tips (see Fig. 6.2(a)), as detailed out in

our previous study (33).
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Figure 6.2 Schematic illustrating the formation of (a) bipyramids (b) tetrahexahedral and (c)
hexagram. Growth of a decahedron along the <110> direction produces bipyramids. The {100}
facets eventually give way to high index facets resulting in a corrugated surface (Fig. 6.2(a)).
Tetrahexahedral shape is considered as an assembly of a cube and six square pyramids. Each
{100} facet (cyan) of a cube capped with a square pyramid enclosed with {hk0} type-high index
facets (yellow).

Assembly of pyramids with {110} (red) produces a hexagram. As schematically illustrated, the
tetrahexahedral geometry is derived from a cube where each {100} facet is capped with a square
pyramid of {hk0} facets (Fig. 6.2(b)), while hexagram can be considered as an assembly of six
pyramids, sharing a common {110} facet (see Fig. 6.2(c)). Both these structures are well known
and are unstrained FCC structures (34, 35). Tetrahexahedral and hexagram crystallites possess 4

and 6-fold symmetries respectively. Hence, these crystallites are free of geometry induced,
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unlike penta-twinned crystallites. Based on TEM analysis, the corrugations have been assigned

to high index facets, {hkO} where h or k> 2 (see Fig. 6.3).

30D
333335

% I D DOOOOOOCCCCEE
IIDIODODOOOOOC
7%33ﬂd“mhpp§§€§

d Plane - | Plane —1I Measured angle (°) | Theoretical angle (°)
(100) (310) 18.72 18.43
(100) (410) 14.15 14.04
(100) (510) 11.65 11.31

Figure 6.3 (a) Schematic illustrating the high-index facets of {hk0} type. TEM images of
bipyramids with measured angles, (b) 150 °C and (c) 220 °C preparation. (d) The angular
relation of {100} facet with {310}, {410} and {510} facets. The uncertainty in the measured
angles is less than 0.3°.

The details of the assignments are discussed in ref (33).

Facet notation of high index facets is as follows.

{310} = Au(S)-[3(100)x1(110)]

{410} = Au(S)-[4(100)x1(110)]

{510} = Au(S)-[5(100)x1(110)]
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Magnified images of the non- bipyramidal particles are shown in Fig. 6.1(f), where the irregular
particle (image on the right) seems to exhibit a penta-twinned geometry on one side. From the
histograms in Fig. 6.1(g) and (1), it is understood that the major product is bipyramids (~ 65%
and ~ 57% respectively for 150 °C and 220 °C thermolysis) with tetrahexahedral (17% and
20%), hexagram (12% and 10%) and irregular particles (5% and 11%) as minor products.
Interestingly, tetrahexahedral and hexagram crystallites observed in our study are relatively

larger (~ 1 pm) compared to previous studies (see Fig. 6.1(f) and Table 6.2).

Table 6.2. Literature examples of tetrahexahedral and hexagram shaped Au crystallites.

S.No Shape Size (nm) Reference
1 Tetrahexahedral 154 (34)
2 Tetrahexahedral 124 +8 (36)
3 Tetrahexahedral 150 (37)
4 Tetrahexahedral 1885 (38)
5 Tetrahexahedral 300 (39)
6 Hexagram 400-800 (40)
7 Hexagonal bipyramids 300 (35)

To ascertain that the occurrence of additional peaks is not because of Ag, compositional purity of
the Au microcrystals was carefully examined. From the energy dispersive X-ray spectra (EDS)
of the 220 °C preparation, no Ag was detected (Fig. 6.4(a)). This was also the case with 150 °C
preparation which is consistent with our previous studies (Fig. 6.4(b) (33). In support of EDS
observation, core-level spectra are dominated by the Au 4f signal while Ag 3d shows only weak
signal (Fig. 6.4(c-d)), typical of a monolayer, which is rather expected as it stabilizes the high
index facets (41). Further, Au microcrystals hosting non-FCC phases (prepared at 220 °C) were
treated with conc. HNOj3 to dissolve away residual Ag on the surface (42). Not surprisingly, no
Ag signal was found in XPS (Fig. 6.4(d)), while the microcrystals continued to exist in non-FCC
phases (see XRD pattern in Fig. 6.4(f)) after HNO; treatment. Hence, it is clear that the
additional peaks are due to the strained phases in the Au microcrystals coexisting with the FCC
phase.
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Figure 6.4 (a-b) EDS of individual microcrystals of various shapes from the 220 °C and
150 °C preparations. The corresponding images are shown on the left, from bottom- a
bipyramid, a hexagram, a tetrahexahedral microcrystal and an irregular microcrystal (scale
bar, 500 nm). Dashed line represents the Ag L position. Core-level spectra in the (c) Au 4f
(d) Ag 3d and (e) Br 3d regions for microcrystals prepared at 150 °C, 220 °C and after
HNO; treatment. For energy calibration, the C1s (284.4 eV) signal was used. (f) XRD patterns
of Au microcrystals, as-prepared (220 °C) and after HNOj treatment. It may be noted that
SEM imaging with high energy e-beam did not cause any noticeable changes in the XRD pattern.
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In our previous study (33), it is discussed in detail how Ag(I) assists the bipyramidal
morphology while not being part of the structure. Residual Ag from precursor which is surface
bound, could be easily washed away not influencing the morphology and the non-FCC phases
(see Fig. 6.4). Further, the bipyramidal morphology hosting non-FCC phases is found to be
independent of the nature of the substrate employed (see Fig. 6.5). However, the nature of the

halide ion seems to matter (see Fig. 6.6).
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Figure. 6.5 SEM images and XRD patterns collected from Au microcrystals prepared on quartz
(a-c) and glass (d-f).

Further, to eliminate possible substrate effects, Au microcrystals were prepared on glass and
quartz substrates instead of Si. XRD patterns and shape of Au bipyramids prepared on Si (Fig.
6.1(a)), glass and quartz are found to be quite similar (see Fig. 6.5).

Attempts to stabilize the non-FCC phases using other halide quaternary salts such as ToACI and
ToAl have not meet with success under the given synthetic conditions (see Fig. 6.6). Halide
anions play an important role in controlling the shape of the Au crystals. It is found that from
ToACI (Fig. 6.6), elongated bipyramids (~ 8 um, javelin shaped Au microcrystals) with relative
proportion of ~ 18%, are obtained in comparison to smaller (~ 3 um) bipyramids (~ 65%)
observed with ToABr. These observations are consistent with the recently report where the
conversion of bipyramids to javelin shape was obtained by changing the halide anion from Br" to
CI" (43). The lower affinity of CI" towards Au surface and its high reactivity, allows the Au
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bipyramids to grow longer. Yet the bipyramid count is poor due to the non-specific adsorption of
CI" on Au surface (44).

With ToAl, longer Au bipyramids (~ 20 pum) are obtained but in less proportion (~ 9%). The
longer size of the Au bipyramids is due to the oxidation of Au surface by 13" obtained from the
combination of I"and I,. Due to the preferential adsorption of I, majority of the obtained particles
are covered with {111} facets (45). This argument is supported by the predominate {111} peak in
the XRD pattern of Au particles prepared from AuAgToABI. Under the synthetic conditions
employed, the Au microcrystals obtained from AuAgToACI and AuAgToAl crystallize in FCC
structure unlike those obtained from AuAgToABr, where significant proportion of non-FCC
exists. This may be attributed to the dissociation rate of Au-halides; the dissociation energy order

is AUCI>AuBr< Aul (46).
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Figure 6.6 SEM images of Au bipyramids obtained from (a) AuUAgToABTr, (b) AUAgToACI and
(c) AuAgToAl, other conditions being the same. (d) XRD of Au microcrystal obtained from (d)
AUAQTOACI and (e) AuAgToAl respectively. (f) Histogram of particle counts obtained from

various halides.
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6.3.2 TEM characterization

position 5 d
s S

.

l\)w‘h

Intensity {a.u.)

0.0 0.5 10 15 20
1/nm

Figure 6.7 (a-c) TEM image of Au bipyramid and the ED patterns collected along the [100] and
[112] directions. (d) Intensity profiles drawn along {113} spots from the regions 1 to 5 are shown
in (d). (e, 1) TEM images of Au tetrahexahedral and hexagram microcrystals, and their respective
ED patterns collected along the [100] (f, j) and [110] (g, k) directions. (h) The intensity profile of
(222) spot shown in (g) and, (1) of that shown in (k). The tetrahexahedral microcrystal shown in
(e) is enclosed with the FCC{530} facets.

SAED was performed on different microcrystals from the 220 °C preparation (Fig. 6.7).
Although the ED pattern obtained along the [100] direction (Fig. 6.7(b)) of a bipyramid (Fig.
6.7(a)) exhibits a nearly square symmetry, the d-spacings for the (002) and (200) reflections
differ by ~ 3% (2.08 and 2.01 A respectively), in contrast to the equal d-spacings observed from
the 150 °C preparation (Fig. 6.8).
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Figure 6.8 (a, b) TEM images of tip of Au bipyramid at different magnifications. (c) ED pattern

collected from the tip oriented along the [100] zone axis.
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Figure 6.9 SAED patterns collected at an interval of ~ 200 nm along the [112] zone axis from tip
(position 1) to center (position 5) of a Au bipyramid. Intensity profiles drawn along the family of
{131} and {220} spots.
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The observed difference in the former case is similar to the reported value in Ag nanowires (22).

Such deviations from symmetry indicate the presence of non-FCC phases in the bipyramid. ED

patterns along the [112] axis have been collected between the tip and the center at an interval of
200 nm. In all the cases, it is observed that the {113} and {220} spots exhibited splitting in the
intensity profiles (Fig. 6.7(d) and Fig. 6.9). It implies that the non-FCC phases are distributed

allover, from tip to the center of the Au bipyramid. In tetrahexahedral (Fig. 6.7(e-h)) and

hexagram (Fig. 6.7(i-1)) particles, neither non-uniform d-spacings nor non-uniform spots are

observed. The surface induced strain, if any, should also be minimal in these microcrystals

unlike in nanocrystals of similar shapes (47).
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Figure 6.10 (a) Schematic illustrating FCC unit cell along with extended FCT and BCT unit

cells. (b-f) Profile fitting of XRD peaks. The experimental data is in black circles. Blue, red and
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green fitted curves represent cubic (marked as C), orthorhombic (O) and tetragonal (T) peaks

respectively with their sum shown as black curve.

Having clues for the presence of non-FCC phase(s), attempted to fit the XRD patterns with
combinations of crystal structures, iteratively using the WinPLOTR software. We embarked on
three phase combinations among which, FCC + tetragonal (I14/mmm) + orthorhombic (Immm),
produced the best fit with x> of 3.16 (Fig. 6.10). XRD peak analysis revealed the presence of
non-FCC phases with compression along c-axis and expansion along a and b axes. Fig. 6.10(a)

shows the schematic of FCC, derived FCT along with BCT unit cells. Note that for BCT, a’ = &’

_a

V2
Experimentally obtained lattice parameters of the BCT are, @’ = b’=2.9062 A and ¢’= 4.0503 A

and ¢’ = ¢, where a, b, and c are lattice parameters of FCT. For BCT form of FCC, % =4/2.

with Z—'I = 1.394 (deviation of -1.44% from the FCC structure). Unequal strains along a, b and ¢
axes result in a BCO structure. The calculated lattice parameters of BCO are a’= 2.9165, b’ =
2.8907 and ¢’ = 4.0337 A with Z—’, = 1.383 and Z—'I =1.395 which indicate that the strain along the
a-axis is higher than that along b (48). Finally, in terms of cell volume, BCT volume is 0.62%
higher while that of BCO is higher by only 0.03% with reference to the unstrained BCT (Z—'I =V2)
(see Table 6.3).

Table 6.3 Lattice parameters of various crystal structures and the corresponding c/a ratio.

BCT form cla BCT cla BCO c/a, c/b
of FCC
Cell a=2.8862 a=2.9062 a=2.9165

parameters | b=2.8862 | 1.414 b=2.9062 | 1.3936 b=2.8907 | 1.3830,

A c=4.0811 c=4.0503 c=4.0337 | 1.3954
Volume 33.99 34.2088 34.007
(A
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As shown in Fig. 6.10(b), the asymmetrically broadened profile of the (111)c peak is fitted with
(101)1, (101)o and (011)o peaks. The non-FCC peaks are broader (particularly from BCT) due to
the strain prevalent in these unit cells. This is more evident in the (200)c region where the non-
FCC contribution is seen well separated, which has been fitted to (002)t and (002)o peaks (Fig.
6.10(c)). Indeed, the order of the peaks represents increasing compression of the c-axis. For
instance, BCT(002) reflection appears in between FCC(002) and BCO(002) such that the order

of C IS Crec>CaeT>Creo. Similar trends are seen in the other regions as well (see Fig. 6.10(d-f)).
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Figure 6.11 (a) Variation in the non-FCC/FCC ratio as derived from XRD peak areas for
microcrystals synthesized at various thermolysis temperatures. The time taken to reach a steady
wt% in TGA is also shown in each case. (b) Schematic illustrating the occurrence of non-FCC
and FCC phases in Au bipyramids at low and high thermolysis temperatures. (¢, d) XRD patterns
from Au microcrystals annealed at various temperatures. (¢) SEM images of a bipyramid on
annealing at various temperatures. Scale bar, 500 nm. Annealing was carried out for 1 h in air at

each temperature and the measurements were done after cooling to room temperature.

Based on the areas under the XRD peaks, the relative contributions of the different phases as
FCC (46.7%), BCT (16.94%) and BCO (36.30%) was estimated. Based on TEM results (Fig.
6.7), it is clear that the non-FCC fraction (BCT+BCO = 53.3%) comes mainly from the Au
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bipyramid, while other shaped particles contribute to the FCC fraction. These proportions are
sensitive to the synthetic temperature (Fig. 6.11). Only around 220 °C thermolysis, the
(BCO+BCT)/FCC ratio is significant; at lower or higher thermolysis temperatures the non-FCC
phases formation is not favored (see Fig. 6.1). This trend may be related to the pace of
thermolysis at different temperatures. From the isothermal TGA data collected at 150 °C (Fig.
6.12), it is seen that the weight loss was gradual and a steady state was not reached even after
720 min, indicating a slow decomposition of the precursor. With 200 °C TGA, complete

decomposition occurred at around ~ 300 min to reach a steady weight of ~ 7% of the initial.
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Figure 6.12 (a) TGA plots of the AUAgTOABYr precursor at various temperatures. (b) Magnified

view of the highlighted region in a.

The time taken to reach the steady state decreased rapidly at higher TGA temperatures as shown
in Fig. 6.11(a). Interestingly, the change in this trend occurs around ~ 200 °C similar to the
change seen with the (BCO+BCT)/FCC ratio. At lower temperatures (< 200 °C), the precursor
decomposition and hence bipyramid growth is slow, and the stress developed due to penta-
twinning could be accommodated in the FCC lattice itself. At much higher temperatures, though
the growth of bipyramid is faster, the internal stresses get annealed due to the abundant thermal
energy available. In the intermediate temperature range (~ 200-250 °C) however, the thermal
annealing seems incompetent to cope up with the speedy growth leading to preservation of the
strain in the form of non-FCC phases (Fig. 6.11(b)) which begin to nucleate even at small sizes
(Fig. 6.13). Like in the case of Ag nanowires (22), the non-FCC phases may reside at the core
while FCC forms the shell.
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Figure 6.13 XRD patterns obtained from the Au microcrystals prepared at various times of
thermolysis, at 220 °C. Typical Au microcrystals from these preparations are shown in the insets.
Scale bar, 1 pm.

It appears that during the bipyramid growth, the non-FCC phases begin to nucleate at the very
beginning, possibly as a nanodecahedron (22, 33) and the non-FCC peaks are clearly seen just
after 4 minutes of thermolysis at 220 °C (Fig. 6.13). It is noteworthy that these interesting non-
FCC phases in Au bipyramid are highly stable in ambient conditions (Fig. 6.14). Their stability
under harsh chemical environments and e-beam conditions is already established, the latter

aspect assumes significance with regard to HCP Au nanosheets (15).
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Figure 6.14 XRD patterns obtained from Au microcrystals, as prepared and after two years.

However, the strain in the bipyramids could be released by annealing at elevated temperatures
(see Fig. 6.11(c, d)) with little change in morphology (Fig. 6.11(e)). The XRD pattern obtained at

500 °C is indexable entirely to FCC. The conversion to FCC results in the reduction of volume of
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non-FCC unit cells, which in turn reduced the length and width of the bipyramid by 6.12% and
4.54% respectively (Fig. 6.15).

Figure 6.15 (a-b) SEM images of a bipyramidal microcrystal before and after annealing at 500
°C for 1hr.

Further, the free energy of non-fcc phases has been calculated using first-principles calculations.
In this regard, the non-fcc phases are treated as strained forms of its fcc structure. Density
functional theory (DFT) calculations show that the free energy of strained systems increases with

temperature (48).

6.4 Conclusion

The present study involves thermalizing the precursor (AuAgToABr) in air to a range of
thermolysis temperatures (150 - 220 °C). This yields distinctly shaped Au microcrystals namely
bipyramids, tetrahexahedral and hexagrams. The bipyramids are typically ~ 3.5 pm long with tip
diameter of ~ 120 nm and are faceted with a high index corrugated surface, with penta-twinned
{111} facets at the tips. This five-fold symmetry along the length introduces internal strains,
which are essentially absent in other shapes. Interestingly, the samples obtained above 200 °C
(particularly at 220 °C) reveals the presence of non-FCC phases (BCT (I4/mmm) and BCO
(Immm)) in significantly high proportions (~ 55%) at ambient pressure, and can be easily
detected using a laboratory monochromatic X-ray source. These non-FCC phases have been
hitherto known to occur in nanowires or nanosheets of noble metals, only at high pressures. The
kinetics of thermolysis seems to be critical in the existence of the non-FCC phases in Au
bipyramids. At lower temperatures (< 200 °C), the decomposition of the precursor being slow
yields only the FCC phase in the bipyramids, while between 200-250 °C the reaction kinetics
locks the strains to form the non-FCC phases. Annealing at higher temperatures (above 300 °C)
unlocks the strains and results in nearly FCC phase at 500 °C. Theoretical calculations elucidate

temperature-dependence of the free energies of certain non-FCC (BCT and BCO) structures.
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Chapter - 7

Nanocrystalline Ag microflowers as versatile SERS platform

Summary

Herein, the synthesis of Ag microflowers for use as manipulable and reusable substrates
in surface enhanced Raman spectroscopy (SERS), is demonstrated, working with ultra-
low volumes of an analyte. Flower-like AgBr crystallites with a growth direction of
<110> were first obtained by thermolysing a complex obtained by the stabilization of
(AgCl,)" anion with tetraoctylammonium bromide (ToABr). NaBH, reduction leads to
the formation of porous Ag microflowers (50-100 pm) with interconnected
nanoparticles. The coupling of the nanoparticles in the microflower results in broadband
extinction from visible to IR wavelengths, facilitating SERS using both red and green
wavelengths. Using thiophenol as test analyte, uniform SERS enhancement factors in the
range of 10° - 10° have been achieved from different parts of the microflower. The
microflowers have been used for labeled and non-labeled detection of both single and
double stranded DNA and using simple manipulation techniques, SERS data has been
collected from ultra-low volumes of analyte solution (~ 0.34 nL). The reusability of the
substrate for SERS over multiple cycles involving fast and efficient wet chemical
cleaning procedure is also demonstrated. Finally, by placing the microflower in a

microfluidic device, chemical reactions have been examined in-situ.
7.1 Introduction

Noble metal nanostructures hosting high mobility electrons in confinement give rise to
surface plasmon-polaritons which can generate intense electromagnetic fields in the
vicinity (1). The extraordinary ability of surface enhanced Raman spectroscopy (SERS)
comes from this electromagnetic enhancement when the analyte molecule is in the
neighborhood of a plasmonic nanostructure (2). Coupled with chemical enhancement and
other surface effects, high enhancement factor, G of the order of 10°-108 can be reached

(2, 3). Thus, SERS has come a long way in the past few decades as an alternative to
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fluorescence for ultrasensitive detection of trace amount of molecules (3, 4). Extremely
high enhancement factors (G >10'%) can also be achieved by subjecting a few molecules
inside nanoparticle junctions to intense electric field intensity, known as hotspots (5); but
these are difficult to engineer. Although SERS has been extensively researched in recent
years, it still faces significant challenges to become a commercially viable analytical tool.
For instance, the presence of hot spots on a SERS substrate can be detrimental to its
performance (5), as uniformity of G factor across the substrate cannot be ensured (6). A
plasmonic structure with uniform and reproducible enhancement across the substrate area
is an essential requirement (7). Secondly, the technique should minimize the volume of
the analyte used and localize it to the probe volume (8), as biologically relevant analytes
are often retrieved only in trace amounts. Further, designing broadband extinction
substrates will make the use of different laser wavelengths possible (9). Importantly,
reusability of the substrates would make the analytical process resource intensive and cost
effective. Finally, the substrate should provide the comfort of easy handling at least at um
level without compromising on the nanostructure required for the plasmonic activity.
These issues have been addressed in this study and have come up with a competent SERS
substrate.

The SERS G factor can be hiked by fine-tuning the substrate morphology in terms of the
size (10), shape (11) and interconnectivity of the nanostructures involved (6). Typically,
Au and Ag metal nanostructures are used due to their high plasmonic activity in the
visible to near infra-red regions (12). Significant advances have been made in the recent
past, to chemically synthesize nanoparticles of various shapes- rods (13), hexagons (14),
cups (15), stars (16), dendrites (17), tapered structures (18), granular films (19), flowers
(20), urchin (21) and other 3D structures (22) and other geometric shapes (23), and realize
SERS from them. Particles with sharp edges and tips with extinction band in ~ 500-1000
nm range are preferred (23). Besides individual nanoparticles, there have been studies on
coupled nanoparticles with defined interconnectivity (24). However, these structures are
limited in extension for analyte dosing and easy manipulation under a Raman setup.
Active regions extending to few microns matching the size of the laser beam have been

produced by template assisted synthesis (25) or by physical methods involving patterning
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(26). However, these methods make use of sophisticated lithography techniques or
involve multi-step chemical processes. What is desirable is a simple fabrication process

for easily manipulable nanostructured SERS substrates.
7.2 Scope of the investigation

Fabrication of a manipulable and reusable SERS substrate that exhibits wavelength independent
SERS activity is still a major challenge. In addition, providing a simple solution based route for
recycling of SERS substrate is another important aspect related to applications. In this chapter, a
two-step chemical process is reported for flower-like microstructures (~ 100 pum) made of
interconnected Ag nanoparticles. G-factors have been estimated for various analytes at ultra-low
volumes and concentrations for 532 and 632.8 nm. The SERS substrates have been tested over
10 cycles by repeatedly treating them with HCI and NHs;. The possibility of using the

microflowers as microfluidic platforms is also demonstrated.

7.3 Experimental Section

7.3.1 Materials

Silver nitrate (AgNO3), tetraoctylammonium bromide (ToABr), Sodium chloride (NaCl),
HCI, IPA, H,0; toluene were obtained from S. D fine and o0-Phenylenediamine (OPD)
from Sigma-Aldrich. Water used in this study was double distilled and deionized. Si and
glass substrates were cleaned with water, IPA, toluene and dried under N, gas. Single
stranded oligonucleotides; oligoA (5’CGTGGCCTGGGCGGGACTGGGTCCGTCTGTT
GTGTGTGACTCTGGTAACT; G%, 39),(5°cySAGTTACCAGAGTCACACACAACA

GACGG), oligo B (5’CTAAGTGAAGATCCTTGCATAAAGTC; G%, 19), oligo C (5°C
CCATTAACATTTGGATGGTGCTGTCCCTGTTGTGGACTCTGGTAACT; G%,
24.4) were obtained from Bio-serve Biotechnologies India Pvt. Ltd. and salmon sperm

DNA were obtained from Sigma-Aldrich.
7.3.2 AgToABr complex preparation

A 1 mL of AgNOs solution (25 mM) was added to 1 mL of saturated NaCl solution under
stirring to give rise to a white color colloidal dispersion of AgCI. To this 2 mL of ToABr
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(50 mM in toluene) was added and stirring was continued until AgCl got phase
transferred to the organic phase. The AgToABr complex was separated from the organic
phase for further use and characterization. The decomposition of AgTOABT starts at ~ 165
°C and completes at 230 °C.

7.3.3 Preparation of AgBr microflowers and reduction

A 100 pL of AgToABr was drop coated on Si substrate and thermalized at 250 °C on a
hot plate for 1h in air. The sample was washed with toluene to remove the unreacted
precursor and the AgBr microflowers obtained were reduced to Ag by dipping in NaBH,
solution (17 mM).

7.3.4 Manipulation of single microflower

A carbon fiber (~ 9 um diameter) was used for manipulating the microflowers individual
microflowers. Two approaches were followed. In one case, a single microflower was
lifted using the carbon fiber and transferred to a desired position after soaking it in a 200
nL of 1 uM R6G solution in DMSO for few seconds. In the second approach, the bare tip
of a carbon fiber was dipped in a 200 nL of 1 uM R6G solution in DMSO. The micro-
droplets sticking to the fiber were transferred to the single microflower by gently touching
the latter under a microscope. In both cases the microflowers were washed with ethanol
and dried before collecting SERS spectra. A 180° backscattering Raman geometry was
used with a source of 532 nm to collect Raman spectra. The details of the instrumentation

can be found elsewhere (27). The instrument resolution is 2 cm™.
7.3.5 Reusing the Ag microflowers for SERS

After the acquisition of SERS spectra of R6G (1 uM) the microflowers were treated with
concentrated HCI for 5 minutes and rinsed thoroughly with water. Subsequently, the
substrate was again treated with ammonia solution (30% aqueous solution) for 5 minutes
and then rinsed with water. R6G was again adsorbed on to the microflowers for the
acquisition of SERS spectra. This procedure was repeated for 10 cycles to demonstrate
the reusability of the substrate. In each cycle, volumes of the R6G solution, conc. HCI and
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ammonia solution used were 200 nL. Raman spectra were collected after the HCI and

ammonia solution treatment cycles to monitor the removal of R6G molecules.
7.3.6 Fabrication of a microchannels mold for immunoassay test

A mould made of polydimethylsiloxane (PDMS) was prepared in the following manner.
On a thin cover slip, Cu wires with ~ 50 um diameters were arranged to form a cross and
a PDMS solution (elastomer and curing agent in 10:1 volume ratio) was poured and
baked at 70 °C for 4 hrs. After curing of the elastomer, the baked sample was cooled
down to room temperature and the Cu wires and glass were removed. Ag microflower
lifted with a carbon fiber was gently placed across the channel. 20 pLs of o-
Phenylenediamine (OPD) and H,O, were injected in the channels and the oxidation of
OPD at the center produced azoaniline dye. The dye adsorbed on Ag microflower was
detected by SERS.

7.3.7 FDTD simulations

2D FDTD simulations (Lumerical Solutions Ltd.) were carried out to calculate the near-
field intensities around the nanoparticles present in the Ag microflower. A plane wave
polarized light of wavelength 532 nm was used along the y-axis. In order to maximize
field enhancement resolution, the mesh override region was kept at 0.5 nm. The

simulation time was 100 fs.
7.4 Results and discussion

7.4.1 Characterization of AQToABr

The phase transferred organic phase (henceforth termed as Ag-ToABr) was separated using a
micropipette. After the evaporation of solvent, the isolated solid precursor was characterized
using IR spectroscopy, XRD and TGA (Fig. 7.1)
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Figure 7.1 (a) IR spectrum, (b) XRD and (c) TGA of AgToABt.

As shown in thermo gravimetric analysis (TGA) plot (Fig. 7.1(c)), the decomposition of
AgTOoABT starts at ~ 165 °C) and completes at 230 °C. Weight loss occurs in two steps - region |
(~ 3%) corresponding to solvent evaporation and regions Il (~ 81.35%) corresponding to

decomposition, and desorption of TOABr, ToA, chlorine, bromine. The AgBr residue is ~ 15.65
wt%.

Molecular weight of TOABr = 546.79 g/mol
Molecular weight of AgBr = 187.77 g/mol
AgCI molecular weight = 143.32 g/mol
15.65 wt% = AgBr = 187.77 g/mol
100 wt% = X = 1199.8 (~ 1200) g/mol

(AgCly) + ToA" + ToABr = 178.92+466+546.79 = 1192~1200

Hence, the empirically derived formula is (AgCl,) ToA.ToABr, which in a simplified way, is
written as AgToABT that shows lamellar structure (fig. 7.1(b)).

7.4.2 Growth of Ag microflowers

Figure 7.2(a) is the schematic illustration of Ag microflower synthesis. Thermolysis of
AgToABTr at 250 °C led to the formation of pale yellow colored moieties on the substrate.
The SEM image obtained from the substrate (Fig. 7.2(b)) showed star-like structures with 3
to 8 branches (majority with four branches), the overall size being around 50 - 100 pm.
Under high magnification, one can see dendrimeric growth on the branches (Fig. 7.2(c)).
The surface of the microflowers was smooth and nonporous (Fig. 7.2(d)). These structures

are essentially AgBr crystallites (Fig. 7.2(i)) as revealed by the EDS analysis (Ag:Br, 55:45
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at%). The crystalline nature of the obtained microflowers was confirmed by XRD and the
peaks matched well with that of polycrystalline cubic AgBr (JCPDS No. 40784) (see Fig.

7.2()).
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Figure 7.2 (a) Schematic illustrating the thermolysis of AgToABr leading to AgBr
microflowers followed by NaBH, reduction to form Ag microflowers. FESEM images of (b-

d) AgBr microflowers (as prepared) and (e-g) Ag microflowers (post NaBH, reduction) at
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different magnifications. Inset is the magnified view of the marked area. (h) TEM image
from the same region. (i) EDS spectra collected from a microflower before and after

reduction. (j) XRD patterns of substrates contain AgBr and Ag flowers.

The reduction of AgBr was performed with 17 mM NaBH, solution resulting in the
formation of Ag while maintaining the flower-like morphology (Fig. 7.2(e-f)). The flower
structures formed were rough and porous (Fig. 7.2(g)) consisting of interconnected Ag
nanoparticles of 25-40 nm as revealed by TEM images (Fig. 7.2(h)). Usually, reduction of
metal salts with strong reducing agent like NaBH, induces porosity (9). The EDS spectrum
shown in Fig. 7.2(i), confirmed the presence of Ag with no detectable trace of Br. Indeed,
this synthetic procedure does not involve any capping agent and therefore the Ag surface is
kept chemically accessible. The metallic Ag microflowers were found to be polycrystalline
and the XRD pattern was found to match with that of polycrystalline Ag (JCPDS 4-0787)
(see Fig. 7.2(j)).

A detailed investigation of the role of thermolysis temperature was carried out.
Thermogravimetric analysis (TGA) shows that the decomposition of AgTOABr takes
place above 170 °C (Fig. 7.1). The reaction was performed at temperatures ranging from
200 to 240 °C. At lower thermolysis temperatures (200-210 °C), the formation of AgBr
cubes was predominant and the size increased with temperature. While cube-like
structures were observed at 200 °C (Fig. 7.3(a, f)), the cubes gained sharp edges at 210 °C
(Figs. 7.3b and g). A higher temperature (220 °C) gave rise to a combination of distorted
cubes and small microflowers as shown in Figs. 7.3(c) and (h). Complete microflower
formation occurred at temperatures higher than 220 °C (see Figs. 7.3(d, e, i and j)) and
with increasing temperature till 250 °C, the size of the AgBr microflowers also increased.
It is therefore evident that the thermolysis temperature plays a vital role in tuning the
morphology of AgBr crystals and the shape can be controlled and tuned from cube-like to
microflowers. At temperatures higher than 250 °C, there was no observable change in the
morphology of the AgBr microflowers. Importantly, as the microflowers are of several
tens of pum in size, they can be easily addressed and manipulated under a common optical

microscope.
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Figure 7.3 (a-e) Optical microscopy images of AgBr crystals prepared at different
temperatures (200-240 °C) with magnified images in the insets. The images were
recorded in the reflection mode by illuminating the substrate (n-Si(100)) with yellow

light. The corresponding SEM images are shown in images f-j.

The growth process of AgBr microflower is indeed interesting. In order to monitor the
intermediate stages associated with the growth of microflower, real time SEM imaging
was carried out in situ, by employing a similar procedure. The deposited AgToABr
formed a continuous film, whereas high magnification imaging showed fibril-like
structure (Fig. 7.4(a, b)). Heating the film to 240 °C resulted in the formation of isolated
drops due to the dewetting of the film (Fig. 7.4(c)). On decomposition of AgToABr, the
drops gave rise to AgBr cubes with edge lengths of ~ 2-3 um (Fig. 7.4(d)). Subsequently,
the corner regions protruded out (Fig. 7.4(e)) and gave rise to flower-like morphology
(see Fig. 7.4(g)). The observed growth mechanism can be attributed to the different
surface energies associated with the AgBr facets. The surface energy of (111), (110) and
(100) planes of AgBr are 1.253, 0.561 and 0.495 J/m? respectively (28). Accordingly,
{100} facets with lowest surface energy are favored to form a cube (see schematic in Fig.
7.4(d)). At elevated temperatures (> 210 °C), the surface energy of {110} may become
more favorable leading to the interesting morphology observed. To our knowledge, this is

the first time that such growth has been observed in the case of AgBr.
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Figure 7.4 SEM images of (a-b) AgToABr film at different magnifications, (c) dewetting of
AgToABTr film on heating to 240 °C. SEM image of a AgBr microcrystals in the initial stage
of thermolysis (240 °C), recorded in-situ. (¢) The microcrystals in d after ~ 1 min. The
crystallographic directions are indicated in the schematic shown alongside. This crystal was
degraded with further e-beam exposure. (f) Schematic of a AgBr microcrystal which

transformed into a microflower at the end of thermolysis corresponding to that shown in g.
7.4.3 Ag microflowers as SERS substrate
SERS Enhancement factor and wavelength independence

As Ag microflowers are free-standing and devoid of any surface capping agents, they
present an interesting case for use in SERS, which is predominantly a surface
phenomenon. The interconnected nanoparticles (Fig. 7.5i) host hotspots spread all over
the microflower, which are regions of high electric field. Thus, these hotspots are
expected to cause significant SERS enhancement. A representative FDTD calculation
(Fig. 7.5(j)) reveals the presence of the hot spots located between adjacent nanoparticles.
Thiophenol was chosen as an analyte, which chemisorbs on the Ag surface and is a non-
resonant molecule. Raman spectrum of neat thiophenol on glass substrate is shown in Fig
7.5(b). The SERS spectra collected from a Ag microflower exposed to 1 mM thiophenol
are shown in Figs 7.5(c) and (d), excited with green (532 nm) and red (632 nm)

wavelengths, respectively.

121



~412 nm

o
(]
I

Extinction (a.u.)
o
o
N

0.00

360 480 600 720 840 960
Wavelength (nm)

$ 40 adu mW-1s1

Normalized intensity (a.u.)
S

600 900 1200 1500 1800

-0.03 0.03"
X (microns)

Figure 7.5 (a) Extinction spectrum of the Ag microflowers. (b) Raman spectrum of neat
thiophenol placed on a glass substrate. SERS spectra of thiophenol (c, d) from a
microflower excited with green (532 nm) and red (632.8 nm) lasers, respectively. Prior to
measurements, the microflower was adsorbed with 1 mM thiophenol. (e-h) spectra collected
from different regions of the microflower. Optical microscopy images of the microflower
are shown on the right with the laser spot positions marked. All the spectra are normalized
with reference to power of the laser and the accumulation time. The laser spot area of the

Raman setup is approximately 4 pm?®. The spectra have been normalized to per mW of the
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laser power and per second accumulation time. (i) TEM image of interconnected Ag
nanoparticles in a microflower. (j) The near field intensity in the vicinity of Ag
nanoparticles obtained by FDTD simulations. The Ag nanoparticles in FDTD simulations
are representative of the nanoparticles highlighted in (i) with same dimensions. The hotspots
(indicated by arrows) can be seen at the junctions of the nanoparticles, which have high

electric field intensity.

The relative ratios of peaks at 1000 and 1578 cm™ are 1.05 and 0.93 for red and green
lasers respectively, both being nearly equal to 1. Therefore, the dependence on the
exciting wavelength is nearly absent in the given range, which is also evident from the
extinction spectrum shown in Fig 7.5(a). The spectrum exhibits clearly a peak around 412
nm which is due to the localized surface plasmon of Ag nanoparticles (consistent with the
TEM images shown in Fig 7.2(h)). A broad band absorption is seen arising due to
nanoparticle coupling® in the microflower aggregation. This broad absorption enables one

to perform SERS using different wavelengths, particularly suited to biomolecules.

SERS data were collected from four different places of a single microflower (see Fig. 7.5
(d-g)). The G factors calculated by the method of Yu et al. (29) for the 1578 cm™ band
collected from various parts of the microflower are all quite comparable- tip (1.4x10"),
center (8.1x10"), arm centre (1.2x107) and arm edge (1.6x107). Indeed, there is a 6 to 7
fold increase in the enhancement at the center compared to other parts. It appears that the
confluence of four lobes at the center of the microflower creates a favorable condition for
maximum cumulative electromagnetic field intensity on the molecules adsorbed near the
center of the microflower. This leads to the higher SERS activity at the center compared
to the other parts. As an example of a molecule forming no specific chemical bond with
Ag surface (and also non-resonant), SERS on 1,2,3-benzotriazole was done (see Fig. 7.6)
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Figure 7.6 (a) SERS (1 uM) and (b) normal Raman spectra (bulk) of 1,2,3- benzotriazole.

In this case as well, enhancement factor of ~ 10° was obtained. With a resonant dye, R6G,

much lower concentrations, down to attomolar could be detected (see Fig. 7.7).
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Figure 7.7 SERS of R6G solution of (a) 10, (b) 10, (c) 10" and (d) 10™*® M concentrations.

In each experiment, 200 nL of the solution was used.
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SERS of biomolecules
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Figure 7.8 (a)-(c) SERS of Cy5 labeled oligonucleotide, label-free double stranded salmon
sperm DNA and oligo A obtained from 1 ng/pL concentration. SERS of (d)-(e) oligo B and
oligo C obtained from 1 pg/pL. The experiments were performed using 200 nL of solution.

Development of fast and cost effective methods for nucleic acid analysis is high in
demand in biomedical research as well as in industry. The Ag microflowers explored for
SERS detection of labeled and non-labeled single stranded oligonucleotides (< 60 base
pairs) as well as of double stranded genomic DNA obtained from salmon sperm (~ 2000

base pairs).
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Figure 7.9 SERS of (a) salmon sperm DNA adsorbed from a solution of concentration,

0.75 nM. (b) single stranded oligonucleotide (oligo A). Solution of concentration, 67 nM.

Raman spectra obtained from these molecules are given in Fig. 7.8. The label-free double
stranded (Fig. 7.8(b)) and label-free single stranded DNA (Fig. 7.8(c-e)) gives exhibit two
major bands due to the ring breathing mode of adenine (30) around 737 and 735 cm™ in
case of single and double stranded species, respectively. The 1324 and 1327 cm™ bands
correspond to mixed in-plane stretching motions of the adenine ring (Figures 7.8b-e).
Other bands arise mostly from bases namely guanine, cytosine and thymine with a
phosphate backbone stretching band seen prominently in case of single stranded
oligonucleotide at around 958 as well as at 1062 cm™. For Cy5 labeled oligonucleotide,
the SERS spectrum is dominated by bands from the Cy5 molecule (Fig. 7.8a) (31). SERS
obtained from relatively higher concentration of DNA (1 ppm, Figures 7.8b and c) were
comparable to those obtained from low nM concentrations (Fig. 7.9). The SERS spectra
of oligonucleotides with lower G base percentages (oligo B and C) and shorter length
(oligo C) have been provided in Figures 7.8d and e. These spectra shows that the larger
sizes and G percentages (greater propensity to form secondary structures) do not have
significant effect on the SERS detection. The ability to detect the different nucleobase
components of single and double stranded oligonucleotides presents an interesting
prospect of using these substrates for direct, cost effective and label-free detection as the

need for tagging the 3’ or 5° end of the oligonucleotide with fluorophores, is eliminated.
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SERS using low analyte volumes

Although SERS substrates exhibit high enhancement factors, the volume of analyte
required for a single experiment is often quite large (~ few pL of sub pM) (32-41). There
have been efforts to localize the analyte volume to a spot without spreading as well as to
minimize the drop size (8). The nanostructures are also functionalized in order to capture
few desired molecules from the target solution resulting in higher sensitivity of detection
(42). Even a drop of 200 nL made by a micropipette covers an area of around ~ 1.2 mm?
which is almost 10° times more than the area covered by the laser spot (~ 4 um?). Further,
the drop volume can cover several microflowers (~ 20) rather than being localized around
a given microflower. Therefore, instead of pouring solution over the microflowers, a
single microflower was picked using a carbon fiber and put in contact with a small drop
of R6G solution (200 nL) for 5 min and Raman measurements were performed (Fig.
7.10a). This way, the manipulable nature of the SERS substrate was utilised. In another
approach, the R6G solution transferred to the microflower surface by gently touching
using a carbon fiber (Fig. 7.10b). By an estimate, ~ 0.34 nL of R6G solution was
transferred to the Ag microflower. In both the cases, detectable SERS signals of the R6G
molecules could be obtained. This is a fine example of using very low volumes of the
analyte for SERS detection (Fig. 7.10c), a feature of particular significance in bio-

detection as well as in industries using expensive chemicals.
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Figure 7.10 SERS spectra obtained after (a) dipping a single Ag microflower attached to
carbon fiber in 200 nL of R6G solution and (b) drop coating of ~ 0.35 nL R6G solution

on a single microflower. The concentration of R6G solutions used was 1 M. The optical
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microscopy images of the microflowers used to obtain SERS spectra in (a) and (b) are
shown in the inset. (c) Comparative values of concentrations and volumes of analytes

mentioned in literature and the present work. Circles, filled hexagon and star represent
Reusability of Ag microflowers for SERS

Reusability of a SERS substrate is of foremost importance in making the technique
commercially viable. There are only a few methods reported in the literature to make the
substrates reusable, for example, heating the substrate at a higher temperature for
removing the adsorbed organic moieties (43), illuminating with of visible light for
longer time (44) and UV ozone (UVO) treatment (45). Although these methods are
efficient in rendering the substrate reusable over a few cycles (~ 5), there have been
issues related to retaining the SERS activity, as heating at higher temperatures leads to the
sintering of the nanostructures. Further, a solution treatment method was explored for

recycling Ag microflowers (see Fig. 7.11).

Chloride ions interact efficiently with Ag(0) to form Ag/AgCl core-shell structure (46).
Ag microflowers were treated with HCI to form few nm thick AgCl layer. Raman spectra
collected from the Ag/AgCIl microflower shows drastic quenching of the R6G peaks. A
predominant peak at around 230 cm™ confirmed the AgCl formation (Fig. 7.11c). In the
next step, the AgCl layer was washed away with aqueous NH3 solution (47) (see Fig.
7.11a) and correspondingly, the peak at 230 cm™ disappeared, as also the remnant traces
of the R6G (Fig. 7.11d). This was due to the removal of the AgCI layer which forms a
soluble complex with ammonia which get removed during washing with ethanol and
water. The reusability process commenced after R6G molecules were adsorbed on the
same microflower followed by SERS data collection (Fig. 7.11b). The recycling process
took 15 minutes in all. The G factor estimated using the 1654 cm™ peak (1.4 x 10°),
compares well with the value obtained prior to AgCl formation (2 x 108). Thus, the first
cycle of reusability of the microflower substrate was demonstrated. It is indeed interesting
to note that the G-factors calculated for the successive 10 cycles varied in the range, 0.8 -
2 folds (Fig. 7.11e), which is acceptable. Through the recycling process, there were only
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minimal changes in the overall structure of the microflower as revealed by the FESEM

images, though the porosity increased slightly (Figs. 7.11(f, g)).
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Figure 7.11 (a) Schematic illustrating reusability of Ag microflowers. The reusability is
shown over 10 cycles. Spectra were taken after 1uM R6G adsorption (b), concentrated HCI
treatment (c) and aqueous ammonia treatment (d) in each cycle and are numbered
accordingly (1-10). (e) Variation in the intensity of the 1654 cm™ band after each treatment
step (R6G adsorption, circles; HCI treatment, star, Aq. Ammonia treatment, triangles).

SEM images of the microflower after 1 (f ) and 10™ (g) cycles. Scale bar, 10 pm.

EDS and XRD measurements were performed on the microflowers which had undergone
10 cycles of washing (Fig. 7.12). In both EDS and XRD, the intensities of the Ag peaks
are seen to decrease after recycling, but importantly no other feature due to impurities is
seen. This goes well with the continued SERS activity from the microflower. What is

noteworthy is that this is a fast recycling process taking only few minutes. A gap of few
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hours did not seem to diminish the activity, as it is known that Ag nanostructures undergo
slow oxidation under ambient conditions (48). In order to avoid surface oxidation
influencing analyte adsorption, freshly reduced Ag microflowers from AgBr templates
were commonly used. Importantly, the method of SERS substrate preparation presented
in this study, allows one to crystallize and store AgBr microflowers for subsequent usage
as Ag microflowers with one-step reduction process with practically no change in
morphology. The above features make our microflower substrate quite unique among the
literature reports.
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Figure 7.12 (a) EDS and (b) XRD of as-prepared Ag microflowers and after 10 cycles of

washing.
Ag microflower in a microfluidic device

The oxidation—condensation reaction between hydrogen peroxide and o-
Phenylenediamine (OPD) to form a fluorescent product is popularly used in biochemical
assays like enzyme-linked immunosorbent assay (ELISA) (49) for detection of human
immunodeficiency virus (HIV) infection. Here, as a proof-of-concept the reaction
between OPD and hydrogen peroxide is demonstrated (which is the final step of ELISA)
inside a microfluidic channel where a microflower was placed at the point of mixing of
the reactants (Figures 7.13a and b) and the subsequently, the product formation was
monitored through SERS (see chemical reaction in Fig. 7.13c). The formation of the

azoaniline was monitored through the formation of the azo bond, characterized by the
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appearance of the N=N stretching mode at around 1460 cm™ (Fig. 7.13d) in SERS. This

experiment shows the possibility of utilizing Ag microflowers in in-vitro immunoassays.
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Figure 7.13 (a) Schematic of a microfluidic device with Ag microflower at the center. (b)
Optical microscopy image of the Ag microflower placed firmly at the junction of
orthogonal channels. (c) Chemical reaction of o-Phenylenediamine (OPD) with H,O,
leading to the formation of azoaniline dye (d) SERS of the dye adsorbed on the Ag
microflower (accumulation time, 60 s). OPD and H,0,, each 20 pL, were injected in the

channels in opposite direction.
7.5 Conclusion

In conclusion, large Ag microflowers were fabricated (~ 50-100 pm) by thermal
decomposition of a Ag-organic complex, followed by chemical reduction. Initially, cube-
like AgBr crystallites nucleate and grow into star or flower-like geometry with time. The
shape and size are dependent on the thermolysis temperature. This interesting growth
aspect is being reported for the first time. Upon reduction using NaBH,, the crystallites
developed into nanostructured Ag surface, which showed high SERS enhancement factor
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(~ 10°-10%). The Ag microflowers were found to be novel in many ways. The
nanostructuring of the surface was uniform all over which ensured reasonably uniform
SERS enhancement factor. They could be used as SERS substrates repeatedly after
appropriate washing steps, while the SERS enhancement remained practically similar.
Their reusability and stability are truly remarkable. These are key factors in the
fabrication of any commercial SERS detection platforms particularly for biomolecules as
demonstrated in this study through SERS of various types of DNAs. Being large in size,
the microflowers enabled easy handling for analyte adsorption and subsequent Raman
measurements. Even nL volumes of nM concentrations were sufficient for detection. By
positioning a single microflower in a microchannel and monitoring a reaction from the
adsorbed product analyte, have demonstrated the usefulness of the microflowers in
microfluidic applications.
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Chapter 8

Summary and outlook

Producing unusual morphologies and crystal structures from single source metal organic
precursors is the essence of the thesis. Various Au and Ag micro-structures of unusual shapes
have been synthesized and characterized using electron microscope and XRD techniques. The
obtained microstructures are found to crystallize into unconventional lattice types exhibiting

interesting optical properties.

The chemistry of metal organic complexes is a field by itself. The complexes used in this
study to prepare metal nano/microcrystallites may as well be employed for synthesizing
semiconducting materials such as nitrides and sulfides. These can also be used as a metal source

to fabricate plasmonic structures with the aid of lithography techniques.

Introduction to the thesis is given in Chapter 1 and details of characterization techniques
in chapter 2. Chapter 3 deals with the fabrication of unusual shaped Au microcrystallites
covered with roughened surfaces. Due to well defined corrugations, these crystallites can exhibit
interesting optical properties such SERS and nano-focusing phenomenon. Besides optical
studies, these microstructures are suitable for single particle catalytic studies also. Chapter 4
discussed the Cu epitaxial deposition on Au microcrystallites. Due to high reactivity, Cu can be
galvanically replaced with noble metals such as Au, Ag, Pt and Pd on Au microcrystallites. The
single crystalline Au microcrystallites are more ideal systems to create interesting plasmonic
structures of various dimensions. The extended Au(111) and Au(100) surfaces are indeed
interesting to understand the herringbone surface reconstruction. Chapters 5 and 6 involved the
synthesis of penta-twinned Au bipyramids. Interestingly, Au bipyramids prepared at ~ 220 °C
host unusual crystal structure such as BCT and BCO. So far, size and shape dependent catalytic,
magnetic, electrical and optical properties of FCC Au are known. It is worthy to study the crystal
structure dependent properties of Au nano/microcrystallites. Structural changes at high pressures
may be interest to pursue. Synthesis of nanocrystalline Ag microflowers is reported in Chapter
7. Since these crystallites are free of capping agents, both positive and negative charged analytes

could be detected. As these crystallites require low volumes of analytes for the detection,
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microflowers can be effectively used in bio applications and also to monitor product formation in

synthetic organic chemistry reactions.
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