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Synopsis

Synopsis

The thesis entitled “Gold and Gold-Silver Alloy Nanostructures: Synthesis and Applications”

includes 4 chapters.

Nobel metal nanostructures have received a considerable research attention in the view of
diverse applications promise ranging from drug-delivery, photonics, optoelectronics, surface
enhanced Raman scattering (SERS), to catalysis and electro-catalysis. Among various nanoscale
structures, gold (Au) and silver (Ag) nanoparticles (NPs) are widely studied, perhaps due to their
shape, size, and composition dependent optical properties and catalytic activities. However, the
development of effective synthetic protocols for the precise control of size, shape, and

composition of such NPs has always been challenging.

Our work primarily aimed at developing facile wet-chemical synthesis of Au and Au-Ag alloy
NPs with controllable physiochemical properties. We have successfully used tannic acid and
ammonium hydroxide (NH4;OH) as one of the reagents in course of producing various Au-based
nanostructures. Specifically, tannic acid was used as a mild reducing agent for the dimension
controlled synthesis of convex and concave Au NPs enclosed with high-index facets (represented
by a set of Miller indices, h, k, and |, having at least one index greater than unity). High-index
faceted Au NPs were employed for SERS studies and electro-catalytic oxidation of formic acid
(HCOOH). The reducing power of tannic acid was further extended to produce Au nanowires.
Finally, NH,OH was utilized to synthesize composition tuneable, chemically stable, and
homogeneously alloyed Au-Ag alloy NPs at relatively higher concentrations, above the solubility

product of silver chloride (AgCl).

Chapter-1. Introduction for Metal Nanoparticles

This chapter comprises of general introduction for the metal nanoparticles, properties, and
growth mechanism of spherical nanoparticles in bottom-up approach. Seed-mediated growth
method has been discussed extensively regarding the proposed growth mechanisms for Au
nanorods (also applicable to other metal nanostructures) and the important roles of each chemical
species present in the growth solution. Introduction to various high-index faceted, bimetallic, and

1D metal nanostructure is also discussed.
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Chapter-2. High-Index Faceted Gold Nanocrystals (Au NCs)
This chapter has been divided in to two parts as Chapter-2A and Chapter-2B.
Chapter-2A. Synthesis, Characterization and Applications of Convex Au NCs

In this section, we have successfully explored for the first time, tannic acid as mild reducing
agent in seed mediated growth method for the synthesis of elongated tetrahexahedra (ETHH) Au
NCs with precisely controlled size. Additionally, electrocatalytic activity (formic acid oxidation)
and SERS applications of ETHH Au NCs were studied.

Reference: High-index faceted Au nanocrystals with highly controllable optical properties and
electro-catalytic activity. Ranguwar Rajendra, Pranav K. G., Shalini T., Sreekumar K. and
Nirmalya Ballav. Nanoscale 2016, 8, 19224-19228.

Chapter-2B. Synthesis and Characterization of Concave Au NCs

This part encloses the size controlled synthesis of concave cuboid Au NCs through seed
mediated growth method by using tannic acid and pre-formed Au NRs as mild reducing agent
and seeds, respectively. Characterizations of concave Au nanocuboids have been done with UV-
Vis spectrometer, FE-SEM and HR-TEM techniques. (Manuscript under preparation)

R. Rajendra i
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Chapter-3. Synthesis and Characterization of Gold Nanowires (Au NWs)

The use of tannic acid has been further extended to the development of simple and robust method
for the synthesis of Au NWs. Our method utilizes readily available chemicals and the growth of
Au NWs was completed within few minutes. UV-Vis spectrometer, FE-SEM and TEM

techniques were used for the characterization of Au NWSs. (Manuscript under preparation)
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Chapter-4. Synthesis, Characterization and Applications of Au-Ag alloy NPs

The major problem encountered (during the period 2002-2014) in the synthesis of
homogeneously alloyed Au-Ag alloy NPs by simple co-reduction of HAuCl, and AgNOjs is the
formation of AgCI precipitate (difficult to be reduced) in the reaction mixture. Therefore, it
hampered production of Au-Ag alloy NPs with desired composition. Here, we have successfully
synthesized homogeneously alloyed Au-Ag alloy NPs as per the feeding moles of HAuCl, and
AgNOs3 by using NH4OH as dissolving agent for the AgCI precipitate. These Au-Ag alloy NPs

were characterized with various techniques and diverse applications were also studied.

Au-Ag alloy NPs
above K, of AgCi

References: (1) Homogeneously-alloyed gold-silver nanoparticles as per feeding moles.
Ranguwar Rajendra, Parnika Bhatia , Anita Justin, Shilpy Sharma, and Nirmalya Ballav J.
Phys. Chem. C, 2015, 119, 5604-561.

(2) Discriminative response of aliphatic and aromatic dithiol in the self-assembly of gold
nanoparticles. Ranguwar Rajendra and Nirmalya Ballav, RSC Adv. 2013, 3, 15622-15625.
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Chapter-1

1.1 Introduction

Noble metals have been of significant interest to human-beings since ages, due to their intriguing
properties such as good conductor of electricity and heat, high ductility and tensile strength and
most importantly, resistance to corrosion and oxidation at ambient conditions. Thus, such unique
physicochemical properties allowed us to use them in art, fine jewellery and coinage etc. The
annual production order of widely used noble metals is Silver (Ag)> Gold (Au)> Palladium
(Pd)> Platinum (Pt); though Ag is produced more, relatively greater susceptibility to oxidation in
air hampered its practical applications. Therefore, Au has become the most important metal in
various applications due to its chemical inertness in air. Despite its pretty appearance in bulk,
when the size is brought to nanometer size (<100 nm) regime, very interesting and distinct
optoelectronic properties can be perceived. In this size range Au nanoparticles (NPs) exhibit
surface plasmon resonance (SPR), a phenomenon defined as a collective oscillation of
conduction electrons upon interacting with light."® There exists a plethora of articles which
explored the variation of SPR with size, shape, stabilizing agent, dielectric constant (of the
surrounding media), composition (for example bimetallic) and colloidal stability of NPs. Along
with SPR, various fascinating physicochemical properties of metal NPs allow them to be
functional in diverse applications such as biomedical, electronic devices, electrochemical, solar
energy harvesting, optics, photonics and catalysis.*** However, dealing with materials at
nanoscale, for examples, dimension controlled synthesis of anisotropic NPs enclosed with high-
index facets and synthesis of homogeneously alloyed NPs remained challenging task, part which

has been addressed in this thesis work.
1.2 Synthesis and Growth of Metal Nanoparticles

Usually there are two approaches for the synthesis of metal NPs: i) top-down and ii) bottom-up.
Top-down method involves the breakdown of large particles (micro size) of bulk metal into
NPs'?*® whereas bottom-up approach is associated with the reduction or decomposition of metal
ions into atoms followed by their aggregation in to NPs.*** The latter method is more practical
and versatile for the synthesis of diverse NPs of different shapes and sizes. In general, this
method requires four precursors, i) appropriate solvent, ii) metal ion salt, iii) capping agent, and

iv) reducing agent (sometimes capping agent itself). Furthermore, experimental conditions such

R. Rajendra Page 1
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as temperature, pH and concentration of precursor of the reaction mixture have a significant
influence on morphology of the final nanoparticle. Most of the synthetic methodologies
developed for the fabrication of metal nanoparticles are based on bottom-up approach; wet-
chemical, green syntheses, and digestive ripening etc. For the synthesis of Au NPs, Turkevich
method is widely used.’® This method is as follows: aqueous solution of gold (I11) chloride
(HAUCIl; (ImM) is heated to boiling with subsequent addition of sodium citrate (NasCt)
(resultant concentration is 2.5 mM) to the solution. Eventual change in colour of the solution
from pale yellow to wine-red colour within 20 min is observed. Here Na3sCt acts as a reducing as
well as a capping agent. A comprehensive study has been done by Siavash Iravani on the green

synthetic methodologies.'” B. L. V. Prasad and co-workers have explored the digestive ripening
18-21

method to achieve size uniformity of gold nanoparticles (Figure 1.1).

.; ‘@Q'
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Figure 1.1: TEM images of Au nanoparticles digestively ripened at 110 °C (a) and 180 °C (b)
with hexadecanethiol. (adopted from Ref. 19 © Royal Society Chemistry)

To explain the nucleation and growth mechanism of Au NPs, Victor K. La Mer had proposed a
theoretical model, —so called ‘classical nucleation theory’.?? According to this theory, when the
concentration of Au° (after reduction) reaches super saturation level in the solution, it begins the
self-nucleation and generate some primary particles which will acts as nuclei centres or seeds in

later stages for the deposition of newly formed Au® atoms.

Moreover, the number of primary particle increases until the concentration of Au® becomes much

lower than super-saturation and remain constant till the end of the reaction. Contrary to this
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theory, Polte et al. has proposed a three phase mechanism for the Au NPs nucleation and growth
under different experimental conditions by utilizing small-angle X-ray scattering (SAXS) and X-

ray absorption near edge structure (XANES) techniques.?

I AU’

a) 1. step b) 2. step C) 3.step d) 4. step ' ‘
nucleation , o , growth by ~ + slow furtherg @ fast final _
e ,° , aggregationg @ o  growth e @ growth ‘ ‘
> es'e. > : > 4% e = d
°° o e e 9 ‘ ‘
~2nm ~ 3nm 5.5 nnm 7.7 nm

Figure 1.2: Schematic illustration for the deduced process of Au NPs formation. (adopted from

Ref. 23 © American Chemical Society)

The three phase of Au NPs formation was interpreted as four-step nucleation and growth where
the first phase has been further divided into two steps. The first two steps include rapid
nucleation followed by coalescence of nuclei to form bigger particles. The third step consists of
slow diffusion growth of the as-formed nuclei in the second step along with the reduction of Au
precursor and coalescence. Subsequently, rapid growth takes place to final size accompanied by
the complete consumption of Au (I1l) precursor (Figure 1.2). Loh et al. have performed real-
time transmission electron microscopy (TEM) experiments and theoretical calculations claiming
that in the reaction mixture at initial stage, supersaturated Au® solution is formed, followed by
spinodal decomposition resulting in gold-rich and gold-poor liquid phases. Consequently, gold-

rich phase turned into amorphous gold nanoclusters and then gold nanocrystals (Figure 1.3).%*

Metal nanoparticles are stabilized in the aqueous solution owing to the capping agent which
ligates to the metal surface as well as interacts with the medium. According Derjaguin—Landau—
Verwey-Overbeek (DLVO) theory #*?° there are mainly four kind of interactions between
nanoparticles: i) Van der Waal attraction (Vaw), ii) electrostatic repulsion (Veec), iii) dipole-
dipole (Vgipole) and iv) dipole-charge (Vaipole-charge). The total potential (V) of nanoparticle is the

these four potentials, estimated by the following equation

VT = VvdW + Velec + Vdipole + Vdipole-charge

R. Rajendra Page 3
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In general, Ve predominates over the rest of the potentials to keep the nanoparticles well
isolated from each other in aqueous colloidal solution whereas in hydrophobic solvents relatively
stronger Van der Waals interaction between capping agent and solvent molecules than among
metal nanoparticles. Partial removal of capping agent on Au NPs causes asymmetric charge
distribution over the surface which induces the dipole moment (positive and negative
charge separation) and thus lead to linear agglomeration whereas complete removal or exchange
with hydrophobic (dodecanethiol) capping agent would promote the globular type
agglomeration; dipole-dipole interaction (Vaipole) IS anisotropic whereas Vygw and Ve are
isotropic. Colloidal stability of metal nanoparticles has a great influence on their optical
properties originated from the intrinsic property named as surface plasmon resonance which is

discussed in the next section.

a) 305 92s 1135 _  154s

Homogeneous Gold-rich Gold-poor Amorphous
gold solution liquid phase liquid phase gold nanoclusters

o : e
Spinodal decomposition Solidification Crystallization

Figure 1.3: a) Real time TEM imaging of gold nanocrystals evolution, images captured at 3, 9.2,
11.3 and 15.4s after Au® atoms generated in the solution. Insets shows the Fourier transform of
nanocrystals marked with red colour square boxes. b) Schematic of the proposed steps in
nucleation (gold as orange spheres, with surrounding water as blue bent lines). (adopted from
Ref. 24 © Nature Publishing Group)
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1.3 Surface Plasmon Resonance (SPR)

The free electrons in the conduction band of metals such as Ag and Au are free to travel through
the material. Since, mean free path of free electrons in Au and Ag is ~50 nm, no scattering is
expected from the bulk if the dimensions of the particles smaller than the mean free path.
Therefore all interactions can occur with the surface. When the wave length of light is much
larger than the nanoparticle size it can set up standing resonance conditions as represented in
Figure 1.4. The oscillating electric field of light causes the conduction electrons (free-
electrons/plasmon) in metal to oscillate coherently. Furthermore, coherent oscillation is indeed
the result of displacement of electron cloud relative to metal nuclei and the restoring force
(created from Coulomb attraction between electron cloud and nuclei) that pull the displaced

electron cloud to the nuclear framework.°
E-field Metal
sphere

N

!

Figure 1.4: Origin of surface plasmon resonance due to coherent interaction of the electrons in

]
C C!UHU

the conduction band with light. (adopted from Ref. 10 © The Royal Society of Chemistry)

The oscillation frequency is relies on size and shape of nanoparticle and dielectric constant of
surrounding media.®!! Size of the metal nanoparticles has significant influence on SPR band
position. As the average size of the particles increases, SPR band red-shifts (Figure 1.5) and
absorbance would decrease due to increase in scattering portion as compared with absorption
upon interaction with light.?” For example, spherical Au NPs exhibit only one SPR band;
spherical Au NPs of 27 nm exhibit surface plasmon band (SPR) at 520 nm in UV-vis spectrum®®

and its position varies with the increase or decrease in size (Figure 1.5a).

In addition to size variation, shape also has substantial effect on SPR features. Gold nanorods
(Au NRs) possess two peaks correspond to transverse (TSPR; at lower wavelength) and
longitudinal (LSPR; at higher wavelength) SPR (red curve; Figure 1.6). These two peaks at
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lower and higher wavelength are attributed to plasmon oscillations perpendicular to and along
the length of nanorod respectively. LSPR of Au NRs gets significantly red-shifted as the aspect
ratio (AR) of its increases (Figure 1.5).® Au nanoprisms exhibit three SPR peaks in UV-vis

spectrum (blue curve; Figure 1.6). %

absorbance
absorbance (a.u.)

' i 1 L 1
350 400 450 500 550 600 650 700 750 80 400 500 600 700 800 900
wavelength 4 Inm wavelength 2 / nm

Figure 1.5: a) UV-vis spectra for the spherical Au NPs with different sizes. b) Simulated optical
absorption of Au NRs with various ARs and inset: represents the linear relationship between
different ARs and LSPR Amax. (adopted from Ref. 27& 28 © American Chemical Society)

As the refractive index of the surrounding medium is increased surface plasmon band of Au NPs
red-shifts. The refractive index sensitivity order for Au NPs with different shapes is bipyramid >
nanorod > sphere. Recently a detailed study of refractive index sensitivity vs. Au NPs shape has

been conducted in water-glycerol mixture.*

Longitudinal SP
1.54

Transverse SP
1.04 Prisms

K .

Spheres
0.0 - T - T . T = T -
400 500 600 700 800 900

Wavelength (nm)

Rods

Absorbance

Figure 1.6: UV-vis spectra of Au NPs with different shapes. (adopted from Ref. 29 © The Royal
Society of Chemistry)
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The stabilizing agent also influences the surface plasmon band of metal nanoparticles. There are
various kinds of capping agents used for nanoparticle synthesis. The extent to which the ligand
or capping agent influences the electronic structure of metal depends on how strongly the ligand
is bound to the surface of nanoparticles. Also, charge and packing density of capping agent affect

the plasmon property of metal nanoparticles.

In addition to the influence of size and shape of Au NPs on its surface plasmon resonance, self-
assembly of these NPs also has significant effect.**®® Thomas et al. extensively studied the

controlled self-assembly of Au NRs (end to end) induced by various thiol molecules; by varying

the concentration of thiols in Au NRs solution different kinds of self-assembly was achieved.***
1.04 Alloy, Ag/Au =1
—— Alloy, Ag/Au =2
—Alloy, Ag/Au =3
0.84 Alloy, AgiAu = 4
Alloy, Ag/Au =5
Alloy, Ag/Au =6
Alloy, Ag/Au =7
S 061
©
£
X 041
0.24 |
|

0.0 T T = ¥
300 400 500 600 700 800 900
Wavelength / nm

Figure 1.7: UV-vis spectra of Au-Ag alloy nanoparticles synthesized with different composition.

(adopted from Ref. 39 © American Chemical Society)

Distinct properties can be achieved upon combining two or more elements in a single metal
nanoparticle. For example, synergetic effect has been observed in catalysis and optical properties
when Ag and Au were incorporated together in a nanoparticle.®”*® It is well known fact that Ag
NPs possess prominent optical properties as compared to Au NPs. However, when it comes to its
usage as drug delivery vehicle and substrate for SERS applications, its susceptibility towards
oxidation hampers its effectiveness. However, introducing Au into Ag NPs (alloy) not only
improves its resistance to oxidation but also renders tunability of the SPR band with the variation

of composition (Figure 1.7).%
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1.4 Anisotropic Au NPs

Anisotropic or non-spherical Au NPs such as rods (NRs), octahedral, cubes, etc. are being
explored in many important applications ranging from optics to sensing to catalysis.2%** Thus,
synthesis has become a very important field of research to access tailor-made nanostructures
with uniform size and shape. To date, significant amount of advancement has been achieved
regarding the development of milder synthetic protocols and successful execution of these NPs
into various applications. The synthetic methods developed over the years can be categorized
based on the solvents used; aqueous and organic phases. Organic phase synthesis requires high
temperature and also results in poor tunability of size and shape. In contrast, aqueous phase
synthesis is more versatile offering precise tuning of shape and size depending on applied
experimental conditions. Furthermore, aqueous phase method can be sub-divided into two: i)
seed mediated***® and ii) seedless syntheses.** The vast majority of reported syntheses of shape
controlled Au NPs employed seed-mediated growth method.* This method involves two steps:
synthesis of seeds (2-4 nm sized NPs) followed by, addition of seeds to the growth solution
(whereas seedless method excludes the seed synthesis). It was developed by Murphy and co-
worker for the synthesis of Ag NRs and nanowires (NWSs). In the first step, Ag NPs seeds of 3
nm were synthesized by reducing AgNO3; with NaBH, in presence of NasCt and subsequently
added to the growth solution containing AgNOs;, Cetyltrimethylammonium bromide (CTAB),
ascorbic acid and NaOH.* Though the same method was also applied for the successful
synthesis of Au NRs with different aspect ratios, poor yield (~30%) was encountered (Figure
1.89).*® The method for the Au NRs had not been popularized until El-Sayed and co-workers
proposed the up-gradation of the same method which led to almost 100% yield of Au NRs by
simply replacing the citrate capping agent with CTAB during the synthesis of seed (Figure 1.8a-
f).47

Later on, this method paved the way for the synthesis of different nanostructures such as cubes,
octahedral, trigonal prism, bipyramid, star, etc..***®*° The versatility/flexibility of this method
motivated the nanoscience community to investigate the mechanism of growth by understanding
the role of various factors such as concentration of reagents, temperature, and pH of the growth
solution etc.. Although, there are plenty of research articles regarding the synthesis and

applications of various gold nanostructures, few reports merely focused on mechanism of
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nanostructures formation.>>*? The Au NRs is the only structure for which formation mechanism
has been extensively studied as compared to other Au nanostructures. In the following sections,
it has been broadly discussed that the role of various factors which influence the growth
mechanism of Au NRs. Such understanding is also very useful for the development of new

synthetic protocols (most of this thesis work) for other anisotropic Au nanostructures.
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Figure 1.8: a-f) TEM images of Au NRs of different aspect ratio, synthesized by El-sayed

method. g) TEM image of Au NRs (~30%) synthesized by Murphy method. (adopted from Ref.
47& 46 © American Chemical Society)

1.4.1 Morphology and Age of the Seed

As described in the previous section, the yield and size uniformity of Au NRs was significantly
improved just by changing the capping agent from NasCt to CTAB during the synthesis of Au
NPs seed. To explain this, Guyot-Sionnest and coworkers®® have made thorough analysis of
transmission electron microscope (TEM) (Figure 1.9) for the aforementioned seeds and thereby
concluded that the actual cause of enhancement in yield was due to the difference in seed
crystallinity rather than capping agent itself, i.e. citrate capped seed (Ct-Au NPs) solution
consists of a mixture of various multiply twinned (singly, doubly, penta) crystalline
nanostructures (Figure 1.9b) whereas in case of CTAB capped seeds (CTAB-Au NPs) all are
associated with single crystallinity (Figure 1.9a). Furthermore, Ct-Au NPs seeds are almost
enclosed with (111) planes while CTAB-Au NPs seeds are enclosed with (100) and (111).
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It must be noted that just the use of CTAB-Au NPs seeds may not yield mono-dispersed Au NRs
unless the seed (as synthesized) is introduced into the growth solution before its certain age. It

has been shown that Au NRs yield decreases as the age of seed (tage) increases (>1hr). To explain

this, John et al. studied the impact of seed age on Au NRs quality by using microfluidic reaction

Figure 1.9: a) High-Resolution TEM image of CTAB-Au NPs seeds. b) High-Resolution TEM
image of Ct-Au NPs seeds; the arrow marks in the right side are indicating the twinning in
nanoparticle. Inset: histograms represent the relative portions of single (S), twinned (T) and

unidentified (U) crystalline nanoparticles. (adopted from Ref. 53 © American Chemical Society)

apparatus through which real-time investigation of evolution of nanorods is initiated by
continuous injection of freshly prepared seed into the growth solution and monitored in-line with
UV-vis-NIR spectroscopy.® At age of seed is zero, most of the particles attains the diameter of
between 1 nm to 2 nm which are catalytically more active and critical for the higher yield
formation of Au NRs. It was also observed that as the seed ages their sizes and size distribution
increased which is attributed to Oswald ripening, a phenomenon in which smaller particles get
dissolved and deposited on bigger particles. Another group, Park et al. proposed that presence of
gold nanoclusters (<1 nm) along with nanoparticles (~2 nm) in the seed solution (tige = 0) are
actually responsible for the formation of Au NRs with less polydispersity.>> And as the seed age
increases, the portion of the multiply twinned nanostructures (icosahedrons and decahedron)
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increases due to the coalescence between clusters and nanoparticles and results in thicker Au
NRs (Figure 1.10).%°

Figure 1.10: (a—h) TEM images of Au NRs grown from seeds with increasing aging time 10 s,
30's, 1 min, 2min, 10 min, 1 h, 12 h, and 2 day, respectively. The scale bar is 100 nm. (adopted

from Ref. 55 © American Chemical Society)

Two other groups Jiang et al. and Liu et al. also examined the impact of seed age on Au NRs
formation and observed similar results.®>” Murphy et al. further elaborated the study of impact
of seed nature on Au NRs yield by synthesizing the seeds in presence of various capping agents

and analyzed the yield and size distribution of Au NRs.*®
1.4.2 Role of Surfactant

The presence of surfactant is indispensable in the growth solution for the synthesis of any
anisotropic Au NCs. The widely used amphiphilic surfactants in seed-mediated growth method
are CTAB, cetyltrimethylammonium chloride (CTAC), benzyldimethylhexadecylammonium
chloride (BDAC), didodecyldimethylammonium bromide (DDAB), dodecyltrimethylammonium
chloride (DTAC) and cetylpyridinium chloride (CPC) (please see the acronym section).
Generally, amphiphilic surfactants are well-known for generating different kind of micelles
(spherical, bilayer, cylindrical and lamellar) in water. It is believed that CTAB in growth media
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IS acting as a soft template during the growth of Au NR. Thus, Murphy et al. proposed the
“zipping” mechanism for the growth of Au NRs. In this mechanism, inner-part of the bilayer
cylindrical micelle of CTAB acts as template and promotes the 1D deposition of newly generated

AuC on seed particle (Figure 1.11).%°

i {
Ll

Figure 1.11: Cartoon illustrating “zipping”: the formation of the bilayer of C,TAB(squiggles)
on the nanorod (black rectangle) surface may assist nanorod formation as more gold ions (black

dots) are introduced. (adopted from Ref. 59 © American Chemical Society)

The investigation was further extended to find out the impact of surfactant chain length, counter
ion and head group on Au NRs yield and aspect ratio. A gradual increase in aspect ratio and
yield of Au NRs was noticed as the chain length of surfactant (C,TAB) was increased from n=10
to 18; it is attributed to increment in Van der Waal interaction between adjacent chains which in
turn provide more stability to the micelle and hence favour the rod formation. Binary mixture of
CTAB and BDAC resulted in even more increase in aspect ratio of Au NRs which is ascribed to
decrease in repulsion between adjacent CTAB head groups due to the presence of BDAC which
has a relatively bigger head group.*” Under similar experimental conditions when CTAB was
replaced with CTAC, ill-defined Au NCs were formed.

1.4.3 Role of Halides

Halides play a fundamentally essential role in the synthesis of anisotropic metal nanostructures.

These ions have a tendency to selectively adsorb on certain faces of metal nanoparticles and thus,
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act as shape directing agent during the evolution of metal nanostructures in the growth solution.
HAUCI, is a readily commercially available gold salt which is used for the synthesis various Au
NCs.

- - [ ] -
g 5.0 ) = | i )
& 4.0 - g 3.0 o "
& 307 4 % 2.0 - A
= 2.0 - A < .
' =0 mM Bromide 104 . = 0 pM lodide
1.0 7 A A5 mM Bromide A 75 I.I.M lodide
0_0 ? T T T T ]'1‘ 1 0.0 T T T T T ,',' 1
0 5 10 15 20 o0 0 3 _6 9_ 12 o0
Time (minutes) Time (minutes)

Figure 1.12: (a, b) SEM images of reaction products from growth solutions containing 50 mM
CTAC and (a) 0.0 and (b) 5.0 mM NaBr, resulting in the formation of high-index faceted
trisoctahedra and (100)-faceted cubes, respectively. Scale bars: 200 nm. (c) ICPAES kinetics
data of the reactions containing 0.0 mM (black squares) and 5.0 mM (red triangles) NaBr. (d—e)
SEM images of reaction products from growth solutions containing 50 mM CTAC and (d) 0.0
and (e) 75.0 uM Nal, resulting in the formation of high-index faceted trisoctahedra and (100)-
faceted truncated bitetrahedra, respectively. Scale bars: 200 nm. (f) ICP-AES kinetics data of the
reactions containing 0.0 uM (black squares) and 75.0 uM (red triangles) Nal. (adopted from Ref.
60 © American Chemical Society)

According to the HSAB (hard and soft acids and bases) principle, the binding strength order of
halides with Au (I11) ions on metallic gold surface is CI'<Br'<I. Therefore, Br” or I" can easily
replace the CI™ ions in the AuCl, and thereby decrease the reduction potential of Au*® in the
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complex, i.e. AuCl,> AuBr,> Auly .0 Therefore, introduction of Br or I into growth solution,
not only lower the reduction potential of Au®® ions, but also retard the growth rate of
nanoparticle formation by strongly binding to the nanoparticle surface. As mentioned in the
previous section, Ct-Au NPs seed consists of many multiply twinned nanostructures which give
rise to a broad spectrum of anisotropic nanoparticles. The role of halides comes into play at this
juncture as shown by Joseph et al. that I" anions can effectively suppress the growth of nanorods
thereby yielding nanoprisms.®* Mirkin and co-workers have shown that upon individual addition
of Br and I' into the growth solution (optimized for trisoctahedron synthesis) surprisingly
resulted in the formation of cubes (Figure 1.12b) and truncated bitetrahedra (Figure 1.12e)
(planar twinned analogue of the single crystalline octahedra) respectively. This is attributed to
the factors: i) retardation of growth rate and ii) selective passivation of (100) and (111) facets by
Br and I" respectively (Figure 1.12).%° The consumption rate of Au* precursor was tackled by
measuring inductively coupled plasma atomic emission spectroscopy (ICP-AES) of aliquots
collected every 5 min interval during the growth of Au NPs (Figure 1.12). The plot of
‘production of Au® vs. time’ depicts that in presence of halides (Br’; Figure 1.12c), (I'; Figure
1.12f) growth rate has been retarded. It was also observed that halide ions also have a significant
effect on UPD deposited Ag layer on evolving Au NPs surface. This subject will be dealt with in

the subsequent section.
1.4.4 Role of Silver

It has been shown in many articles that presence of AgNOs is indispensable during growth of Au
NRs in the solution to achieve shape/size uniformity and precise tunability of aspect ratio and
thereby optical properties. Such a paramount job done by Ag in Au NRs synthesis had excited
the scientific community to pinpoint its role. Initially it was thought that silver forms AgBr,’
complex that is selectively passivating certain facets of growing nanoparticle and thus promoting
the Au NR growth. But as compared to AgBr,” complex Br™ ions strongly bind to the gold
surface. In addition to this, the concentration of Br ion (from CTAB) in the growth solution is
much higher (~1000 times) than Ag® ions. Furthermore, pH of the growth solution was
maintained at 3 at which ascorbic acid cannot reduce Ag* to Ag®, since its reduction potential is
0.3V greater than that of it exhibit at pH = 8. All these considerations suggested that Ag must be

operating through different mechanism. Mingzhao et al. introduced a new mechanism called
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‘Underpotential deposition (UPD) of silver’ on gold nanoparticle surface during its growth.>®
The UPD is defined as “the deposition of a metal sub-monolayer or monolayer onto a different
metal surface at a potential significantly less negative than for bulk deposition”. ®® Theoretical
calculation has shown that underpotential shift is proportional to the work function difference
between adsorbate and adsorbent. Moreover, work function of adsorbate must be less than that of
adsorbent.®® The work function of Ag is less than that of Au by more than 0.5 V and thus
underpotential deposition of silver readily takes place on gold surface. In general, work function
of any metal is also depends on plane. The work function difference between gold and silver
between planes (111), (100) and (110) are 0.57, 0.83 and 0.85 respectively. Therefore, the
tendency order for UPD of silver to occur on aforementioned gold surfaces is (110) > (100) >
(111) and hence the same order is followed for the binding strength of Ag on these gold surfaces.
This can also be explained based on the number of nearest neighbouring gold atoms accessible
for Ag atom to be bound on these planes (111), (100) and (110) as 3, 4 and 5 respectively
(Figure 1.13). >
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Figure 1.13: Schematic illustration of how silver atom(white) binds on (111), (100) and (110)

planes of gold surface (adopted from Ref. 53 © American Chemical Society)

Sanchez et al. calculated the UPD shifts for the Au/Ag” system, which corresponds to a compact
monolayer of Ag on Au (111), Au (100) and Au (110), to be 0.12, 0.17 and 0.28 V respectively.
% Thus, silver preferentially deposits on Au (110) surface of nanorods during its growth, though
experimental conditions (pH = 3, 25 °C) do not favour the bulk silver deposition. Silver also
plays a crucial role in symmetry breaking of seeds at its initial stage of growth and promote the
anisotropic growth (nanorods).

The mechanism of Au NRs is still remains a matter of debate. Murphy et al. proposed that
surfactant is acting as a soft-template for the growth of Au NRs from spherical seeds.>®
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Mulvaney et al. proposed the electric field directed growth mechanism which is based on the
charge gradient on seed particle at embryonic stage (after spherical seed become into spheroid);
the higher curvature at the tip of spheroid Au NPs seed cause the loose packing of surfactant
bilayer (CTAB) as compared to lateral portions and thereby facilitate the deposition of Au on the
tips.%> But none of the aforementioned mechanisms explained what driving forces triggered the
initially isotropic seed to start growing anisotropically, i.e. how the symmetry breaking is taking
place. Michael et al. have done rigorous TEM analysis to find out the origin of symmetry
breaking at the initial stage of seed growth.®® The shape of the CTAB-Au NPs seed*’ is
cuboctahedron which enclosed with (111) and (100) planes; it is the minimum energy structure
for FCC metal such as gold. The schematic diagram of cuboctahedron has been shown in the
(Figure 1.14). ®
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Figure 1.14: Left panel: Schematic model for the cuboctahedron and its projection in (110)
direction. Right panel: Schematic for the gradual evolution of cuboctahedron in to nanorods.

(adopted from Ref. 66 © American Chemical Society)

The size of the seed particle at which symmetry breaking occurs has been found to be in the
range of 4-6 nm as confirmed by TEM technique. Figure 1.14 on the right panel demonstrates
the process of symmetry breaking where the initial cuboctahedron shape is transformed into the
final nanorod shape via various intermediate stages. There is first, an isotropic growth of seed
from its initial size of 2-3 nm till about 4 nm. At this point, small truncating surfaces (110)
consisting of few atoms appear non-uniformly across the intersection of (111) facets. These
truncating surfaces (110) by virtue of having relatively more open atomic arrangement are
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therefore the preferred facets for silver underpotential deposition to take place. This in a way
stabilizes the (110) facets and retards the deposition of gold, resulting in them becoming the
side/lateral facets of the final nanorod structure. Furthermore, when the same experiment was

performed without silver, no symmetry breaking was observed, i.e. Seeds were grown

isotropically.
Lower Au:AgNQ; ratio (increase [AgNO;])
—
.“ ‘
) -
(v 9 ‘; ‘; \ .
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4 nm 5 nm 6 nm

Critical size range for nanorod formation

Figure 1.15: Schematic representation of how the quantity of AgNOj; effect the critical size of
seed at which symmetry breaking take place and subsequently aspect ratio of final Au NRs.
(adopted from Ref. 67 © American Chemical Society)

So far it has been discussed that the factors which influence the nanorods growth from the
isotropic seed particles. However, it has not been addressed properly that how the amount of
silver in the growth solution determine the aspect ratio of fully grown Au NRs. Aspect ratio of
the Au NRs increases with the amount of silver in the growth solution. Recently, Wenming et al.
systematically studied the effect of silver quantity in the growth solution and its addition time on

final Au NRs aspect ratio.®’

Though the symmetry breaking of seed takes place in the critical size range of 4 to 6 nm, it is
also worthwhile to consider that exactly at which size it is occurring, since, fully grown Au NRs
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have a higher aspect ratio when the symmetry breaking is taking place at the sizes close to 4 nm
than that at 6 nm. Therefore, increasing the concentration of silver in the growth solution
facilitate the symmetry breaking to occur at the lower size of seed and thereby yield higher
aspect ratio Au NRs (Figure 1.15). Silver was not only successfully utilized for nanorods

synthesis, but also for other nanostructures.®®
1.5 High-Index Faceted Metal Nanoparticles

Despite having made considerable progress in dimension-controlled synthesis, surfaces of the
majority of such NCs, were enclosed with (111), (100) and (110) facets — so called low-index
facets.*® Metal NCs with high-index facets (represented by a set of Miller indices having at least
one index greater than unity) exhibit high surface energy due to the presence of inadequately
coordinated surface atoms at steps, edges and kinks (Figure 1.16; Left panel bottom). ®° High-
index facet nanocrystals on sideline of the triangle can be geometrically viewed as integration of
two low-index facet nanocrystals locating at both ends of its side-line. For example,
tetrahexahedron structure is geometrical integration of rhombic dodecahedron and cube (Figure
1.16).”
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Figure 1.16: Left panel: Schematic representation of low-index (upper row) and high-index
(bottom) planes. Right panel: Triangular diagram of low-index (vertices) and high-index faceted

fcc metal nanocrystals (adopted from Ref. 70 © American Chemical Society).

These features are, on one hand, boosting their applications in heterogeneous catalysis,”* and on
other hand, making synthetic approaches challenging. During the growth of nanocrystal high-
index facets appear and are preferentially eliminated in order to minimize the total surface
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energy of nanocrystal. High-index (730) faceted Pt NCs were prepared for the first time in 2007
via an electrochemical method " and later on, this method was applied to synthesis of other
noble nanostructures with high-index facets. "® Though electrochemical method permitted to
synthesize few noble high-index facet nanocrystals, precise tunability of size and large scale
synthesis remained drawbacks of this method. Many wet-chemical methods were developed to

synthesize various shaped noble metal nanocrystals enclosed with high-index facets.®!33"4"8
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Table 1.1: Crystallographic details of four types of HIF NCs and the Projection Method to
determine their Miller indices. (adopted from Ref. 69 © American Chemical Society)

As it is shown in the triangle diagram, the HIF NCs are geometrically derived from the low index
facet nanocrystals. So there exists a correlation between the geometric structure of the
nanoparticle and the facets it is enclose with. When such geometric structures enclosed with low
index facets (cube, octahedral and rhombic dodecahedra) are manipulated so that the facets are
‘pushed in’ or ‘pulled out’ of their centers, they give rise to various exotic structures which are
bound by high-index facets. Projection method has been formulated to determine the Miller
indices of the HIF NCs, based on which four equations have been derived for the four different
HIF NCs (Table 1.1).°° The microfacet notation makes it easy to obtain the appropriate
microfacet expression for a given high-index facet. This notation has a general form

n(hiki)x(hsksls), meaning ‘n’ atomic width of (hikil;) terraces separated by mono atomic (hsksls)
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steps. For example, (410) facets of tetrahexahedra (THH) can be indicated as a stepped surface
composed of a terrace in four atomic width of (100) symmetry separated by a mono atomic step
of (110) symmetry denoted as 4(100)x(110). Technically, an accurate identification of surface
planes exposed on high-indexed polyhedral is still a challenge. As one approach, the surface

atomic arrangement obtained from a high-resolution transmission electron microscopy (HR-

TEM) image in conjunction with a microfacet illustration, can be used to determine Miller
79,80

indices of high-index facets (Figure 1.17).
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Figure 1.17: Left panel: a) Model of trisoctahedron (TOH), b) TEM image of TOH projected in
to [110] direction, ¢) Schematic representation of high-index planes (221) and (331), d) HR-
TEM image captured at one of the edge of TOH shown in (b) and calculation (below) made for
the determination of facet using equation given in the Table 1. Right panel: a) TEM image of
THH Au NCs, b) Schematic representation for THH, ¢) TEM image of THH Au NC projected in
to [100] direction, d) HR-TEM image captured at the portion indicated with red box in (c), e)
Schematic structure of atomic arrangements found in (d), and the calculation made below is to
estimate the facet of TOH using the equation given in Table 1.1.(adopted from Ref. 79©
American Chemical Society and Ref. 80 @ The Royal Society of Chemistry).
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1.6 Metal Nanowires (NWs)

One dimensional (1D) Au NWs are of great interest due to their high aspect ratio as well as the
large anisotropy which is the highest among other Au nanostructures. This lends them their
unusual optical, electrical and chemical properties which have potential applications in
nanoelectronics, photonics, sensors, mechanical energy storage, flexible electrode with high
transparency and conductivity, and in SERS.?"*? Owing to the great promises that Au NWs hold,
significant approaches have been made to synthesize them to tap into their potentials. Template
(hard and soft) syntheses were one of the earliest and most effective approaches®*® followed by
slow reduction of gold salt (HAuCl,) using oleylamine or combined chemicals (ascorbic acid,
oleic acid, nitric acid etc).?#%%% Ravishankar and co-workers demonstrated a multistep
strategy to obtain Au NWs in toluene using a mixture of oleic acid, oleylamine and ascorbic

acid.™ Here Au NWs were produced via an oriented attachment of Au NPs (Figure 1.18).

Figure 1.18: Left: Bright-field TEM microscopy image of gold nanoparticles formed in the
solution phase. The insets show that the particles are faceted with (111) and (100) facets.
Middle: A schematic illustration of the attachment of two faceted nanoparticles in A) perfectly
matching orientation and B) twinned orientation. Twin defects are frequently seen in the
nanowires owing to the low twin boundary energy for gold. C) A high-resolution image
illustrating a twin boundary (TB) and a stacking fault (SF) in the nanowires. The fast Fourier
transform (FFT) from the twinned region clearly depicts the twin relationship. Right: Bundles of
nanowires formed in the solution phase on ageing after the addition of ascorbic acid. (adopted
from Ref. 94@ Wiley-VCH)
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Zhong and co-workers reported a novel synthesis of ultra-long and highly monodispersed and
surfactant free Au NWs synthesized by a galvanic replacement reaction of Tellurium NWs as
sacrificial template.®® Xiangyang and co-workers proposed a facile hydrothermal approach in the
presence of dendrimers, wherein the dendrimers were used to reprise the role played by
oleylamine thereby minimizing the environmental hazard that comes with the use of organic
solvents.®® Other synthetic routes such as seed mediated growth;®®"" electrochemical

deposition and particle assembly have also been reported.*®
1.7 Bimetallic nanoparticles

As is mentioned in the previous section, bringing the size of a metal to nanoscale domain will
render them to exhibit distinct and intriguing optical and electronic properties as compared to its
bulk counterparts. In this size regime all properties become very sensitive regarding minute
variations in their dimensions. *° Despite the change in shape and size, properties can also be
tuned by incorporating two or more metals in a single nanoparticle (alloy nanoparticles) and
changing the composition. Alloy nanoparticles possess very different physical and chemical

properties with respect to the monometallic nanoparticles of individual components.*®

Some properties such as magnetic, optical and catalytic are specific for certain elemental
nanoparticles. For example, Pt, Pd, Ru and Rh are used for catalysis; Au, Ag and Cu are used for
their optical properties; and Fe, Co and Ni are used for their magnetic properties. Hence, the
alloy nanoparticle of two elements (with distinct properties) would simultaneously exhibit both
the properties of individual components. In some cases, it has been observed that the properties
of one component of the alloy is significantly enhanced due to the presence of minute amount of
another element in the same nanoparticle; Catalytic activity of Pt NPs and air stability of Ag NPs
are increased significantly upon incorporating Au into them. Therefore, these nanoparticles
afford novel applications in various fields such as catalysis, sensors and biological applications.
Among all bimetallic systems, Au-Ag has been widely studied owing to their attention-grabbing
optical and electrochemical properties. In particular, the plasmon resonance of Au-Ag NPs can
be precisely tuned with composition over the range of 380 nm to 520 nm, i.e. from SPR of pure
Ag NPs to Au NPs (Figure 1.7). Such a precise tunability of SPR and catalytic activity of Au-

Ag NPs relies on the degree of homogeneous distribution of components in the nanoparticle. *
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Figure 1.19: TEM images of a) Au NPs, b) Au@Ag NPs, ¢c) Au@Ag@SiO, and d) Au-Ag alloy
NPs. (adopted from Ref. 39 © American Chemical Society)

Types of alloy NPs based on atomic structure are 1) core-shell, 2) inhomogeneous and 3)
homogeneous (intermetallic). Among these, synthesis of homogeneous alloy NPs is relatively

101,102 \which can

challenging. There have been few rules proposed by some research groups
predict the atomic structure of alloy NPs —so called ‘segregation rules’. According to these rules,
homogeneous alloy of Au-Ag NPs is possible. Few methods attempted to synthesis such alloy
NPs of gold and silver include citrate reduction,'® borohydride reduction,"® photocatalytic

08

reduction,'® radiolytic reduction,'® laser ablation,'”” solvent extraction-reduction,'® and water-

in-oil microemulsion method.'® Most of the methodologies followed the co-reduction of
commonly available metal salts HAUCI, and AgNO; in presence of various capping agents.* %%
However, none of the above methods could synthesize homogeneous Au-Ag alloy NPs due to
the unavoidable problem of AgCI precipitation (upon mixing of HAuCl, and AgNOs3) which in

turn cannot be reduced to Ag® and hence the synthesis of Au-Ag NPs became difficult.
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Figure 1.20: Elemental analysis of the Ag/Au alloy nanospheres (Ag/Au = 5): (a) DF-STEM
image; (b, ¢) EDX elemental maps of Au and Ag, respectively; (d) merged image of (b) and (c).
(adopted from Ref. 39 © American Chemical Society)

Recently, Chuanbo et al. devised a method in which core-shell Au-Ag NPs are synthesized in the
first step followed by SiO, coating (AU@Ag@SiO,) and annealed at 1000°C for 6hrs. Then,
SiO; shell was removed in presence of polyvinlylpyrrolidone (PVP) and re-dispersed into
aqueous medium (Figure 1.19).° EDX elemental map as synthesized Au-Ag alloy NPs clearly
shows the homogeneous distribution of Au and Ag (Figure 1.20). This method has been found to
be novel but it involved multi-steps. Also control of composition seems to be obscure and not
robust. In the year 2002, Murphy et al. could synthesize Au-Ag alloy NPs as per the feeding
moles of precursors at very lower concentration (5 uM) i.e. below the solubility product of AgCl
(Ksp = 1.8x10'%). However, such lower concentration hindered its processing in applications.
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2A.1 Introduction

Chapter 1 has dealt with the clear differences in low- and high-index faceted nanocrystals.
Numerous articles are available regarding the size and shape controlled synthesis of low-index
faceted nanocrystals. However, high-index faceted nanocrystals are much less explored owing to
their high energy surface (associated with presence of inadequately coordinated atoms at steps,
edges and kinks) making them difficult to be synthesized.’® In addition, the aqueous synthetic
methodologies mostly used ascorbic acid as mild reducing agent, which is highly sensitive
towards pH and temperature of the growth solution. This warranted investigating some new
reducing agents which are relatively less active than ascorbic acid, so that the control over
growth of nanoparticles would be enhanced. Here, we introduced tannic acid (TA) as a mild
reducing agent for the first time for the synthesis of high-index faceted elongated tetrahexahedra
(ETHH) Au NCs with high degree of size and shape controllability.

2A.2 Materials/Methods

Tannic acid (TA), gold (I1l) chloride trihydrate (HAuCl4.3H,0), silver nitrate (AgNO3),
cetyltrimethylammonium bromide (CTAB), cetyltrimethylammonium chloride (CTAC),
cetylpyridinium chloride (CPC), sodium borohydride (NaBH,) and ascorbic acid were purchased
from Sigma-Aldrich. Sodium hydroxide (NaOH) (analytical reagent) was bought from Rankem.
Sulfuric (H,SO,4) and formic acid (HCOOH) were purchased from Thomas Baker. All chemical

were used as such. Milli-Q water (18.2 MQ) was used for all experiments.

A typical synthesis of ETHH Au NCs is as follows: rapid addition of NaBH, (75 pL, 20 mM) to
a mixture of Millipore water H,O (1 mL), CTAB (1.25 mL, 0.2 M) and HAuCl, (0.156 mL, 4
mM) resulted in a brownish colour solution, which indicated the formation of seeds. The growth
solution was made by sequential addition of an appropriate amount of water (in order to make a
total volume of 2 mL), NaOH (20 pL, 0.1 M), HAuCl, (0.25 mL, 4 mM), CTAB (1 mL, 0.2 M)
and AgNQOg (varied, 4 mM). Subsequent introduction of TA (10 pL, 100 mM) turned the color of
the solution from dark yellow to pale yellow in 10 min due to Au(Ill) — Au(I) reduction. The
pH of the growth solution before and after addition of TA was observed to be ~5.2 and ~3.3,
respectively. Finally, to the growth solution, seed solution (3 pL, varied concentration) was
added and allowed the NCs to grow for 12 h (and beyond upon decreasing the amount of seed) at
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room-temperature. The resultant concentrations of reagents in the growth solution are HAuCl4
(0.5 mM), CTAB (0.1 M), NaOH (1 mM), AgNO3 (0.1 mM for 50 pL) and TA (0.5 mM).

Synthesis of 34 nm octahedral Au NCs was done by following the reported method with minor
modifications.* Aqueous solution (1.25 mL) of HACI, (0.25 mM) and CTAB (75 mM) was
made. Subsequent treatment of this solution with NaBH, (37uL, 20 mM) led to the formation of
seed particles. This solution was 100 times diluted with water and then used as seed. The growth
solution was made by addition of HAuCl, (50 pL, 4mM), CTAB (0.4 mM, 0.2 M) and AA (0.3
mL, 100 mM). To this solution 60 pL seed was added and then left the reaction mixture
undisturbed at room temperature for 8 h. Finally, the purple-red color of the solution indicated

the formation of octahedral Au NCs.

Octahedral Au NCs with 164 nm size was synthesized according to the reported protocol with
minor modifications.” This procedure involves multiple steps to finally realize the octahedral Au
NCs. Seed nanoparticles were synthesized as per the protocol used for the ETHH Au NCs. For
the synthesis of Au NRs 2.4 pL of seed solution was mixed with growth solution that contains
HAuClI, (0.25 mL, 4 mM), CTAB (1mL, 0.2 M), AgNO3 (30 pL, 4 mM) and AA (16 uL, 100
mM) and then allowed the growth at 30 °C for 2h. Then as formed Au NRs were washed twice
through centrifugation (12,000 rpm, 10 min) and re-dispersed in 1.15 mL CTAB (10 mM)
solution. Subsequently, this solution was treated with the solution of 0.194 mL HAuCl, (4 mM)
and 0.3 mL AA (100 mM) in order to overgrow the Au NRs at 40 °C for 1 hr. Later this solution
was centrifuged (10,000 rpm, 8 min) and removed the supernatant followed by re-dispersed in
milli-Q water. Repeated the same and re-dispersed in 1.5 mL CTAB (10 mM) solution.
Afterward treated with 75 pL HAUCI (4 mM) solution and kept undisturbed at 40 °C for 12 h.
The solution was then washed three times with CPC (100 mM) with alternate centrifugation
(10,000 rpm, 8 min) and dissolution and finally re-dispersed in 1.575 mL CPC (100 mM)
solution and used as a seed in the growth solution for the fabrication of octahedral Au NCs. The
seed (20 pL) mixed with the growth solution which was made by addition of aqueous solutions
of 0.25 mL HAuCI,; (4 mM), 13 uL AA (100 mM) and 2.5 mL CPC (0.2 M) in to 2.35 mL of
Milli-Q water and allowed to react for 2 h. Subsequently, excess precursors were removed by
centrifugation (5000 rpm, 7 min) and preserved.
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UV-vis spectra were recorded from Chemito SPECTRASCAN UV 2600. FE-SEM and TEM
images were captured through ZEISS Ultra Plus and TECHNAI T30 respectively.
Electrocatalytic studies were carried out by Biologic SP-300 potentiostat. Raman spectra were

recorded by Horiba JY Labram HR800 micro Raman spectrometer with laser wavelength of

632.8nm, Helium-Neon laser, 20 mW power.
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Figure 2A.1: a) Schematic of TA. b) TEM image for the as synthesized ETHH Au NCs. ¢) TEM
image of ETHH Au NC ( yellow box) oriented at the [001] zone axis; inset: SAED pattern for the
same particle. d) Schematic illustration of the ETHH Au NC in. €) HR-TEM image showing the
atomic resolution steps in ETHH Au NC. f) UV-vis spectra recorded for the ETHH Au NCs

synthesized with varying the amount of seed (diluted original seed) in the growth solution.
2A.3 Results and discussion

High-index facets of ETHH Au NCs were characterized by transmission electron microscopy
(TEM) analysis. Figure 2A.1b dis-plays randomly oriented ETHH Au NCs synthesized with 50
times the dilution of the original seed solution and 50 puL AgNOs. To define the facets, the
ETHH Au NC was chosen in such a way that its orientation is in the [001] direction which was
determined by the SAED pattern (Figure 2A.1c). The angles between the bevel and the base of
the ETHH Au NCs were measured to be 23.2, 24.8, 27.5, 22.3, 25.7, 21.5, 24.6, and 22.0

(starting clockwise from the marked red coloured angle in Figure 2A.1c). The average value of
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all these angles was estimated to be ~23.9° and thereby suggesting that our as synthesized
ETHH Au NCs were enclosed with (730) planes (schematically shown in Figure 2A.1d)." A
high-resolution (HR) TEM image clearly shows the arrangements of single-atomic step terraces
with the size of two and three atoms (Figure 2A.le). The repeating unit of sub-planes
‘(310)(210)(210)* is representing (730) planes corroborating the consistent mathematical
analysis in Figure 1.1c (Table 1.1). Note also that apart from ETHH, this method also allowed
us to size controlled fabrication of concave cube Au NCs with high-index facets by replacing the
CTAB with CTAC (Figure 2A.2).%" Notably, we observed the elongation of THH NCs whereas
concave nanocubes were not elongated. Earlier, it has been demonstrated that the nature of the
surfactant (counter ions) and its concentration played crucial roles in determining the shape of
NCs.2%% At a concentration of 100 mM, the feasibility of the formation of cylindrical-micelle
templates is much higher for CTAB than CTAC.° Thus, the formation of elongated
nanostructures (quasi-one-dimensional) can be easily directed by CTAB while CTAC directed
more isotropic nanostructures; specifically at higher concentrations, likewise in the present
study. By replacing CTAB with dodecyldimethyl-ammonium bromide (DDAB) THH Au NCs
were generated perhaps due to the presence of two long aliphatic chains restricting the formation
of cylindrical-micelle templates.’® Also, an extensive study by Mirkin and co-workers proposed a
‘locks in’ mechanism which is operational in the case of CTAC prohibiting the elongation at an
early stage of growth and thereby leading to the formation of isotropic NCs (concave cubes).?

In our field-emission electron microscopy (FE-SEM) studies (Figure 2A.3), as synthesized
ETHH Au NCs exhibit well-defined shapes and sizes with visible vertices and lateral facets.
Precise control over the dimensions of ETHH Au NCs was achieved by simply varying the
quantity of seed (0, 5, 10, 30 and 50 times dilution of the original solution) in the growth solution
while keeping the AgNO3 quantity fixed at 50 pL. Upon decreasing the seed quantity, the length
and width (as shown schematically in Figure 2A.3a) of the ETHH Au NCs increased while the

average aspect ratio reduced (Figure 2A.3b-f).

These results are consistent with the UV-vis spectra (Figure 2A.1f), where it has been observed
that the transverse surface plasmon resonance (TSPR) peak gradually red-shifted from 513 nm to
565 nm whereas the longitudinal surface plasmon resonance (LSPR) peak first became blue-
shifted from 740 nm to 706 nm and then red-shifted to 743 nm. Note also that the absorbance of
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both TSPR and LSPR were suppressed with increasing the dimensions of ETHH Au NCs, which

could be due to the dominance of scattering.*

Figure 2A.2: (a-i) FE-SEM images of concave cubic Au NCs synthesized by using 0, 15, 20, 30,
40, 50, 100, 200 and 500 times (labelled with red ) dilution of original seed into the growth
solution respectively. Concave cubic Au NCs synthesized by the same procedure used for the
ETHH Au NCs, but the CTAC was used instead of CTAB; scale bar is 100 nm for all. Average
lengths of edges are labelled with blue colour. Histogram was drawn for each sample (green

colour) by surveying above 50 number of particles; scale bar is stand for edge length (nm).
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Over-grown Au NRs to ETHH

Figure 2A.3: a) Schematic representation of the ETHH Au NC. b —f) FE-SEM images of ETHH
Au NCs synthesized by using 0, 5, 10, 30 and 50 times dilution of the original seed solution,
respectively. The yellow labels on the images , L , W and AR stand for average length, width and
aspect ratio(sum of the individual values divided by the number of particles), respectively; S1,
S2, S3 and S4 (c—f) are the sample names. g) FE-SEM image (colored) of Au NRs. h-1) FE-SEM
images (colored) of ETHH Au NCs synthesized by over-growing the Au NRs (the amount of Au
NR solution used is labelled in yellow). All scale bars represent a length of 100 nm in the

respective images.

The following sheds some light on the mechanistic aspects of the formation of ETHH Au NCs,
which were not well-discussed in earlier reports.**** These significant observations imply that
ETHH Au NCs perhaps evolved via Au NRs as an intermediate. To justify our proposal, we have
studied the over-growth of Au NRs (Figure 2A.3g), under similar experimental conditions as for
the ETHH Au NC synthesis (Figure 2A.3b—f). Despite varying the amount of seed (Au NRs)
from 200 puL to 10 pL, all of them resulted in ETHH Au NCs; specifically, upon decreasing the
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amount of seed, a gradual increase in the dimensions accompanied by pronounced facets was
observed (Figure 2A.3h-I). Moreover, to enhance our understanding regarding the mechanism,
the same experiment was performed with well characterized cylindrical Au NRs (synthesized by
using ascorbic acid) which also resulted in ETHH Au NCs. Thus, we can conclude that ETHH
Au NCs were grown via NRs.™ In addition to this we have investigated the evolution of ETHH
Au NCs by taking out the during the growth of ETHH Au NCs (S2); aliquot from the growth
solution has been taken out at time points of 2, 4, 8 and 24 h as seed introduced. After 2 h and 4h
of seed addition, ill-defined nanocrystals (no shape uniformity) were observed. However, at 8 h
uniformly shaped ETHH Au NCs were observed and further progression growth till 24 h given
rise to completely grown NCs were noticed (Figure 2A.4).
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Figure 2A.4: FE-SEM images were captured at a) 2, b) 4, ¢) 8 and d) 24 h (from introduction of
seed into the growth solution) during the evolution of ETHH Au NCs. UV-vis spectra for

corresponding FE-SEM images. Scale bar is 100 nm for all.

In order to tune the surface plasmons of ETHH Au NCs, we have simply varied the AgNO3
amount from 30 to 100 pL while keeping the seed quantity fixed (3 pL) in each sample
preparation. With increasing concentration of AgNOs3, a gradual red-shift of the LSPR peak from
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715 nm to 815 nm and a negligible blue-shift of the TSPR peak from 517 to 513 nm is clearly
visible in the UV-vis spectra (Figure 2A.5a) which is ascribed to gradual rise in the aspect ratio
of the NCs.* Recently, Wang et al. have elegantly shown that the geometry-controlled over-
growth of Au NRs involved distinctive pathways: Ag under-potential deposition and Au-Ag
electro-less co-deposition. Such pathways were demonstrated to be switchable upon varying the
experimental parameters (mainly concentration of AgNOs, surfactants, and reducing agents) = —
so called kinetically versus thermodynamically controlled products. We believe that our adopted
synthetic procedure enabled the formation of thermodynamically controlled™®*” Au NCs since
TA is a much milder reducing agent and the growth of Au NCs took a considerably longer time
via Ag under-potential deposition. The FE-SEM images of the Au NCs synthesized in the
presence of 30, 60 and 90 uL of AgNO; (Figure 2A.5b) display the preservation of ETHH
morphology with high structural purity. Absence of other characteristic features in the UV-vis
spectra corroborated the FE-SEM observations on the high-structural purity. To our knowledge,
such a precise and gradual tuning of the surface plasmons of high-index faceted Au NCs across a

wavelength of 100 nm is reported here for the first time.

This experiment was performed as follows, ETHH Au NCs washed twice with water by
centrifugation and then loaded the amount of 85 pg on glassy carbon electrode; this electrode
used as working electrode. Graphite rod and Hg/HgSO, were used as counter and reference
electrodes respectively. Electrocatalysis of formic acid (0, 0.25, 0.5, 0.75 and 1M) was
performed in H,SO,4 (0.5 M) solution by applying the voltage scan rate of 50 mVs™. Nitrogen gas
purging was allowed throughout the experiment. The first two cycles of measurements were
discarded in order to avoid the interference of absorbed gases in the solution. These
measurements were done for the samples S1, S2, S3, S4 (Figure 2A.3) and octahedral Au NCs
(Figure 2A.6). Electrochemically active surface area was calculated for the samples S3 and Oh2

(Figure 2A.6b) based on oxide stripping results.

The electro-catalytic performance of our ETHH Au NCs with well-defined dimensions (S1 to S4
in Figure 2A.3) was evaluated by cyclic-voltammetry (CV). Note that CV can also be used to
assess the various surface structures of metal nanoparticles; specifically, recent studies showed

characteristic CV traces for the high-index faceted Au NCs."*?
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Figure 2A.5: a) UV-vis spectra recorded for the ETHH Au NCs synthesized by varying the
concentration of AgNO3 while keeping the amount of seed constant (3pL; original). b — d) FE-
SEM images of ETHH Au NCs corresponding to 0.06, 0.12 and 0.18 mM of AgNOs, respectively.
The average aspect ratio is labelled in yellow (sum of the individual values divided by the

number of particles). All scale bars represent a length of 100 nm in the respective images.

CV traces of ETHH Au NCs with different sizes (sample S1, S2, S3 and S4) exhibited an
oxidation peak around 1.4 V and the current density value decreased with increasing the size
(Figure 2A.7a). For comparison, we have tested the electrochemical performance of low-index
faceted octahedral (Oh) Au NCs (see Figure 2A.7a) with sizes of 34 nm (Ohl) and164 nm
(Oh2) (Figure 2A.6); size is the distance between opposite vertices of the Oh. Notable
observations in Figure 2A.7a are (i) occurrence of the oxidation peak of Oh NCs (for both sizes)
at 1.6 V, which is 0.2 VV (0.17 V in an earlier report*?) larger than that of ETHH NCs (1.4 V)
irrespective of their dimensions; (ii) the current density value for Oh NCs (164 nm) is much
lower than that of ETHH NCs of similar size (160 nm).
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Figure 2A.6: FE-SEM images of octahedral Au NCs. a) Synthesized according to reported
procedure.* b) Produced by following the existing report;” in the final step 20 uL of CPC capped

seed solution was added to the growth solution.

We have studied the electro-catalytic oxidation of HCOOH (FA) (to CO, and H,0) with
different concentrations (0.25 M, 0.5 M, 0.75 M and 1 M) for each set of the ETHH Au NCs (
S1, S2, S3 and S4 in Figure 2A.3; Figure 2A.8). An aqueous solution of 0 .5 M H,SO,4 was used
as the electrolyte and the scan rate was fixed at 50 mVs . Figure 2A.7b shows CV traces
recorded during the oxidation of 1 M HCOOH employing ETHH (S3) and Oh (Oh2) Au NCs as
catalysts and it is discernible that HCOOH oxidation occurred at 1.3< V < 1.7, which is
consistent with the earlier report that oxidation takes place via single formate as the active
intermediate.'® The observed lower oxidation potential value and higher peak current density
clearly suggested that our as synthesized ETHH Au NCs are superior candidates compared to Oh
Au NCs for such reactions (~150% better).

In fact, with respect to the oxidation of HCOOH, the electro-chemically active surface area
(ECAS) value for the S3 sample was found to be higher than that of the Oh2 sample; and also the
mass activity and specific activity values for the S3 sample were estimated to be consistently
higher than those of the Oh2 sample (Table 2A.1).

Table 2A.1: Quantitative analysis of HCOOH oxidation CV recorded (Figure 2A.7) for the Au
NCs
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Au NCs Mass activity ECSA Specific activity
(A mg?) (cm? mg?) (mA cm2)
S3 15.64X103 76.95 2.02X1072
Oh2 10.03X103 70.83 1.41X1072

The degree of electro-oxidation of HCOOH could be fine-tuned upon varying the dimensions of
the ETHH Au NCs (S1 < S2 < S3 < S4); the oxidation peak current density gradually reduced as
the size was increased (Figure 2A.7c). A gradual decrease in the value of the peak current
density with respect to either the length or the width of the ETHH NCs was realized (Figure
2A.4d).
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Figure 2A.7: a) CV traces recorded for the samples S1, S2, S3, and S4 (see Figure 2A.2), and
octahedral Au NCs (Oh1 and Oh2) in the presence of 0.5 M H,SO,. b) CVs of 1 M HCOOH
oxidation were recorded for the S3( green) and Oh2 (red) Au NCs. c) CVs were recorded for the
oxidation of 1 M HCOOH by S1, S2, S3 and S4. d) Plot of average length (L) and width (W) vs.

oxidation peak current density in (c) for S1, S2, S3 and S4.

We have recorded CV traces with other concentrations of HCOOH (0.25 M, 0.5 M and 0.75 M)
employing four sets of ETHH Au NCs and in each case, the peak current density value was
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gradually increasing with increasing concentration and tending to a saturation value which could
be due to complete coverage of the ECAS at higher concentrations (Figure 2A.8a). Furthermore,
for the first time, we have performed a durability test on the ETHH Au NCs (S3) at 1 M HCOOH
up to 550 cycles of continued operation (Figure 2A.8b).
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Figure 2A.8: a) Plot of oxidation peak current densities (during the FA oxidation) obtained for
ETHH Au NCs verses different concentrations of FA used in the electrolyte solution. b)
Electrocatalytic durability test was performed for the sample S3 in HCOOH (1M) + H,SO, (0.5

M) electrolyte solution.

Overall, the efficiency gradually increased (initial access of the electrolytes to the NCs was
limited due to a high scan rate of 50 mVs ™) until it attained 100% at 300 cycles and
subsequently sustained up to 550 cycles. To investigate the role of surface convexity and
concavity, we have performed electro-oxidation of HCOOH by using ETHH Au NCs (S1 and
S3; Figure 2A.3) and compared the results with those of CC Au NCs having similar sizes (CC1
and CC3; Figure 2A.2). Remarkably, irrespective of surface convexity or concavity, the Au NCs
with high-index facets synthesized by using TA as the reducing agent exhibited electro-chemical
performances that are very much alike. Such a con-trolled electro-oxidation of HCOOH not only
reveals the effectiveness of our adopted synthetic method but also appears useful for the

development of direct-formic acid fuel cells.

Raman measurement was carried out through the following way. As synthesized ETHH Au NCs
(S2 and S4; Figure 2A.3) solutions of 1mL were centrifuged at 6000 rpm for 7 min and removed

the supernatant and subsequently the precipitate re-dispersed into the 1mL MQ-water. These
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solutions were centrifuged again with the same parameters and re-dispersed the precipitate into
50 pL MQ-water with sonication (after discarding the supernatant). Subsequently these solutions
were treated with 50 pL of benzenethiol (BT) (10 pM, in ethanol) and kept for incubation for 12
h (the resultant concentration of BT (Csers) is 5 UM). After drop-casting these sample on glass
slide, dried under the incandescent lamp (200 W) for 20 min. Raman spectra were recorded for
these samples along with neat BT (its concentration (Cgs) calculated to be 9.676 M) at 2 mW
with acquisition time of 5s by using 632.8 nm lasers as source. The intensity of the peak
calculated from origin software. Lorentzian (function) fit of the corresponding (peak) curve
provided the area under the curve i.e. intensity of that peak (Isers Or Igs). Thus, analytical
enhancement factors (AEF) for the peaks at 1070 and 1570 cm™ were calculated (see the Table
2A.2&3).

Intensity (a.u.)

L * *
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Figure 2A.9: Raman spectra of neat BT (black) and of BT on S2 (red) and S4 (blue) ETHH Au
NCs. Enhancement factors were calculated with respect to peaks (1070 cm™ and 1570 cm™*;

Table 2A.2 and 3). Inset: Molecular scheme of BT.

We have carried out surface-enhanced Raman scattering (SERS) experiments with benzenethiol
(BT) as a probe molecule (Figure 2A.9). Remarkably, analytical enhancement factors (AEF) of
BT on the S2 and S4 samples were estimated to be ~ (1-5) x 10° and =~ (3 —8) x 107, respectively
(Table 2A.2a and b). %%
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Note that the AEF value was predominantly due to electromagnetic factors since BT is typically
a non-resonant SERS reporter.*® In our system of ETHH Au NCs, the AEF was larger in S4 than
that in S2, which is consistent with an earlier report on the increase of the enhancement factor
upon increasing the particle size viz. the structural purity and uniform size distribution of our
ETHH Au NCs perhaps reduced signal fluctuations.?

Table 2A.2: Calculation of AEFs of the samples S2 and S4 for the SERS peaks at 1070 cm™.

ETHH Isers Of Csers Igs (BT) Crs(M) | lsgrs/lrs | AEF =
sS4 668642 5x10°% | 7327 9.676 91.25 1.76x108
S2 125486 5x10°% | 7327 9.676 17.12 3.31x107

Table 2A.3: Calculation of AEFs of the samples S2 and S4 for the SERS peaks at 1570 cm™.

ETHH ISERS Of CSERS IRS (BT) CRS(M) ISERS/'RS AEF =
AuNCs | 1570cm? | (M) el ¥ CaulCa
s4 528136 5x10¢ | 10428 9.676 |50.646 |1.0x108
s2 81730 5x10°¢ | 10428 9.676 |7.837 |1.51x107

Thus, our results on the electro-catalysis along with more than a million-fold in the AEF in
SERS measurements by using high-index faceted ETHH Au NCs appear as a significant addition

to earlier findings.?*
2A.4 Summary and Conclusions

In summary, we have successfully employed tannic acid as a mild reducing agent in the seed-
mediated growth method for the fabrication of ETHH and CC Au NCs enclosed with high-index
facets. Simply, by changing the concentration of seed solution, the dimensions of ETHH Au NCs
could be precisely controlled, which directly impacted their electro-catalytic performances.
Electro-oxidation of HCOOH by ETHH (and CC) Au NCs was observed to be ~150% higher
than that of low-index faceted Au NCs (Oh) of similar sizes. Also, durability test revealed a
significant retention of the electro-catalytic efficiency (up to 550 cycles). By tuning the amount

of AgNOs, surface plasmons (spanning over 100 nm) of ETHH Au NCs could be fine-tuned.
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NRs were proposed to be the intermediate for the generation of the ETHH structure. The ETHH
Au NCs were found to be SERS-active and a remarkable AEF in the range of 10" —10° was
estimated for the benzenethiol molecule. We anticipate our findings to be useful in the
development of various high-index faceted NCs with well-defined structure—property
relationships; specifically, bringing nanoelectro-catalysis and nanoplasmonics together on one
platform.
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2B.1 Introduction

As shown in the previous section, we have successfully synthesized convex Au NCs (ETHH)
with high-dimension tunability by using tannic acid (TA) as a mild reducing agent in the seed-
mediated growth method. We have further extended the use of TA for the size controlled
synthesis of concave cuboid (CCB) Au NCs i.e. depression on faces (inverse pyramid) of cuboid
structure. Very few literatures are available regarding the synthesis of such nanocrystals.
However, synthesis of CCB Au NCs with precisely controlled dimension accompanied by high
yield has not been observed in the previous literatures.”® Huang et al. pioneered the synthesis of
CCB Au NCs with the seed mediated growth technique and investigated distinctive plasmonic
property using finite element method.® This was shortly followed by Zhang et al., using the same
method they could control the degree of concavity by varying the amount of AgNOj3 and found
that these NCs are enclosed with high-index facets.? While former two methods used Au NRs as
seed, Peng et al. not only used spherical seed but also introduced didodecylammonium bromide
(DDAB) as a surfactant to successfully synthesize CCB Au NCs.” Qingfeng et al. put forward
Cu(ll) as a shape directing agent in binary combination of CTAB/CTAC surfactants.
Surprisingly, all the above mentioned methods used ascorbic acid as a mild reducing agent and a
bromide ion containing surfactant (CTAB and DDAB). Mirkin et al. extensively investigated the
role of Ag ion and counter anion of surfactant and claimed that bromide ions do not favor the
formation of concave structure.® In addition to this, ascorbic acid is generally found to be very
sensitive with respect to pH and temperature of the growth solution, as also mentioned in the
previous chapter. Herein, we have successfully used the tannic acid (TA) as the mild reducing
agent to synthesize CCBs by tuning its size over a wide range (70 to 200 nm) with prominent

concavity which was missing in the previous reports.

CTAC

I

Schematic representation: over growth of Au NR to CCB Au NR in presence of CTAC.
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2B.2 Materials and Methods

Tannic acid (TA), gold (Ill) chloride trihydrate (HAuCl4.3H20), silver nitrate (AgNOs3),
cetyltrimethylammonium bromide (CTAB), cetyltrimethylammonium chloride (CTAC),
cetylpyridinium chloride (CPC), and sodium borohydride (NaBH,4) were purchased from Sigma-
Aldrich. Sodium hydroxide (analytical reagent) was bought from Rankem. All chemicals were

used as such. Milli-Q water (18.2 MQ) was used for all experiments.

A typical synthesis of Au NRs is as follows: rapid addition of NaBH, (75 pL, 20 mM) to a
mixture of Millipore water H,O (1 mL), CTAB (1.25 mL, 0.2 M) and HAuCl, (0.156 mL, 4
mM) resulted in a brownish color solution, which indicated the formation of seeds. The growth
solution was made by sequential addition of an appropriate amount of water (in order to make a
total volume of 2 mL), sodium hydroxide (NaOH) (20 pL, 0.1 M), HAuCl, (0.25 mL, 4 mM),
CTAC (1 mL, 0.2 M) and AgNO3 (varied, 4 mM). Subsequent introduction of TA (10 pL, 100
mM) turned the color of the solution from pale yellow to almost colourless in 10 min due to Au
(1) — Au (1) reduction. Finally, to the growth solution, seed solution of 50 puL was added and
allowed the Au NRs to grow for 12 hat room temperature. Excess surfactant (CTAB) has been
removed by performing centrifugation (9000 rpm, 7 min) twice with Milli-Q water.
Subsequently, these Au NRs were used as seed in the growth solution same as above but CTAB
is replaced with CTAC. By varying the amount of seed (Au NRs) and AgNOs; in the growth
solution, allowed to control over the dimension and degree of concavity of CCB NCs

respectively.

UV-vis spectra were recorded from Chemito SPECTRASCAN UV 2600. FE-SEM and TEM
images were captured through ZEISS Ultra Plus and TECHNAI T30 respectively.

2B.3 Results and Discussion

Dimension of CCBNCs has been controlled by varying the amount of seed (Au NRs). When the
amount of seed introduced into the growth solution was systematically reduced from 200puL to
5uL, it was found that it lead to the formation of CCB NCs with increasing length and width, the
latter being more prominent when the amount of seed was reduced below 100uL. The overall
result being the decrease in the aspect ratio of the CCB NCs from 2.2 to 1.5. Thus, just by
playing with the amount of seed introduced into the growth solution, the dimension has been
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tuned from about 70 nm to 200 nm. This is reflected in the absorption spectra which show a
pronounced effect on the two TSPR and a subtle effect on the LSPR. In the earlier report,® the
origin of two TSPR peaks in UV-vis spectra has been clearly illustrated (Figure 2B.1) i.e the
first and the second peaks are assigned as edge (T1) and hybrid (T2; edge + corner) plasmon
oscillation modes respectively. It is clearly seen in the UV-vis spectra (Figure 2B.1) that T2
mode has significantly red-shifted from 612 to 740 nm on reducing the amount of seed (Au NRs)
from 200 pL to 5 pL respectively. All SPR peaks are prominent till the seed (Au NRs) amount is
20 pL. Upon further decreasing the amount from 10 to 5 pL, T2 and LSPR got merged, resulting
in one big broad shoulder. T1 on the other hand remained mostly unaffected with a minor red-

shift from 530 to 580 nm on decreasing the seed amount.
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Figure 2B.1: a) UV-vis spectrum of Au NRs used as seed for the synthesis of concave cuboid Au
NCs. b) UV-vis spectra of CCB Au NCs synthesized by varying the amount of seed in the growth
solution in presence of 0.1 mM AgNOg (equivalent to 50 pL for the 2 mL of growth solution).

The corresponding FE-SEM (Figure 2B.2) images and dimension analysis revealed that aspect
ratio remained almost constant from amount of seed 200 pL to 50 puL while average length and
width gradually increased 79 to 107 nm and 35.6 to 52.7 nm respectively, whereas varying the
seed between from 20 to 5 pL aspect ratio remained constant at 1.5 but the average length and
width increased from 129 to 184 and 78 to 120 nm respectively. Such precise tuning of optical
properties were absent in previous literatures. Our success in precise tuning over SPR is
attributed to the usage of CTAC as capping and as well as shape directing agent. In an earlier

report it has been shown that by varying the amount of AgNO3 lead to the control .over degree of
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concavity of CCB Au NCs.? Mirkin et al. extensively studied the effect of AgNO; in the
formation of concave cubic Au NCs in presence of CTAC and suggested that during the growth
of concave cube structure, silver is acting through ‘lock in” mechanism i.e. Ag strongly bind to
the faces of cube and allow the deposition of Au’ to occur selectively on edges which in turn

results in protrusion of edges.
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Figure 2B.2: a) FE-SEM image of Au NRs seed. b-i) Concave cuboid Au NCs were synthesized
by varying the amount of seed in the growth solution as 200, 150, 100, 75, 50, 20, 10 and 5 ulL
(labeled on images); Labels L, W and A.R. stands for average length (nm), width (nm) and
aspect ratio of CCB NCs in the FE-SEM images. Scale bar is 100 nm for all.

Keeping this in mind, we varied the amount of AgNO3 from 10 to 100 uL when seed amount
was maintained at 20 pL in the over-growth of Au NRs which resulted in the increase of
protrusion of edges (Figure 2B.3b-g) and this observation is consistent with the earlier report.?
In addition to increasing the yield of CCB Au NCs, Ag also plays a vital role in improving the
quality CCB Au NCs (Figure 2B.3b to c).
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Figure 2B.3: a) UV-vis absorbance recorded for the CCB Au NCs synthesized with varying the
concentration (values are equivalent to the amounts of 10, 20, 30, 50, 70 & 100 uL for the 2 mL
total volume of the growth solution) of AgNOs; while keeping the amount of seed (20 pL)
constant. b-g) FE-SEM images were captured for the corresponding samples; labeled in yellow

colour. Scale bar is 100 nm for all.

These observations are consistent with the UV-vis absorbance spectra where T2 peak red-shifted
from 636 to 720 nm on increasing the quantity of AgNO3 from 10 to 100 uL respectively which
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suggest that edges are more protruded with the amount of AgNO3. This observation is consistent

with the previous report by Zhang et al.?

Further characterization study has been done with TEM instrument. We have chosen CCB Au
NCs synthesized with 50 pL of seed (FE-SEM image; Figure 2B.4a). TEM images show two
regions differing in contrast. The light and dark portions correspond to the protruded edge (thin
layer) and middle part (thick) of the CCB Au NCs respectively (Figure 2B.4b-c). To determine
the facets of CCB Au NCs, HR-TEM image (Figure 2B.4d) was captured at the region marked
with red box (Figure 2B.4c) on CCB Au NCs is projected in [100] direction with respect to the
electron beam. This image shows the stepped kind of atomic arrangement at the edge marked
with yellow lines drawn on terraces, which therefore determines that these nanocrystals are

indeed enclosed with high index facets.

Figure 2B.4: a) FE-SEM image of CCB Au NCs synthesized with 50 pL of seed. b-c) TEM
images of CCB Au NCs (a). d) HR-TEM image of the portion marked with red box in (c).
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2B.4 Summary and Conclusions

We have successfully synthesized the CCB Au NCs with precise tunability of the dimensions
accompanied by optical properties which was absent in previously reported literature. Size and
degree of concavity has been tuned by varying the amount of seed and AgNO; in the growth
solution, respectively. HR-TEM characterization disclosed that as synthesized CCB Au NCs are
enclosed with high-index facets. Our investigation reveals that CTAC is playing a decisive role
in the fabrication of CCB Au NCs. Such NCs are very promising for SERS and catalytic
applications. Tannic acid has proven again to be a good mild reducing agent and warrant the

further investigation to access other metal nanostructures.
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3.1 Introduction

In previous chapters it has been shown that tannic acid is very efficient and benign reagent for
the synthesis of convex and concave Au NCs. In this chapter, we have extended its potency for
the fabrication of gold nanowires (NWSs). Since, 1D nanostructure, such as Au NWs have been
receiving considerable attention from researchers due to their enthralling properties such as high
electron and photon transfer ability rendering them to be used in transparent electrodes, opto-
electronic devices, energy storage devices, fuel cells and catalysis.'® To date, momentous
progress has been realized on the subject of Au NWs synthesis and their execution in various
aforementioned applications. Synthetic methodologies developed so far are based on either hard
or soft templates.”® In hard template mediated growth process, solid porous materials are used
whereas soft template method uses micelles, made from self-assembly of long-chain aliphatic
molecules such as oleylamine, oleic acid, CTAB etc.>*? Despite the widespread use of soft
template method, using toxic, expensive, scarcely available chemicals, involvement of multiple
steps or the long synthetic procedure still remain major concerns.**?! So, there is always a look
out for new synthetic methodologies which can mitigate the above problems. Here we have
devised a method which overcame the above mentioned obstacles: our procedure comprises of

readily available less toxic chemical and completion of growth takes only few minutes.

3.2 Materials and Methods

Gold (1) chloride trihydrate (HAuCl4.3H20), silver nitrate (AgNO3), sodium hydroxide
(NaOH), benzylhexadecyldimethylammonium chloride (BDAC), cetyltrimethylammonium
chloride (CTAC), cetylpyridinium chloride (CPC) and tannic acid (TA) were purchased from
Sigma-Aldrich and used as such. All experiments were performed with Milli-Q water of 18.2
MQ.

Synthesis of Au NWs is as follows: first aqueous solution of BDAC (0.1 M), HAuCl,4 (0.5 mM),
AgNO; (0.1 mM) and NaOH (3 mM) was made in a glass vial of 15 mL. After addition of TA
(0.5 mM) to this solution, the colour changed from pale yellow to light brownish. Subsequently,
heating at 75° C for 5 min turned the solution colour to dark brown, indicating the formation of
Au NWs.
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UV-vis spectra were recorded from Chemito SPECTRASCAN UV 2600. FE-SEM and TEM
images were captured through ZEISS Ultra Plus and TECHNAI T30 respectively.

3.3 Results and Discussions

As shown in the previous chapter Au NRs exhibit two SPR bands in UV-vis spectrum
corresponding to transverse (lower wavelength) and longitudinal (higher wavelength) surface
plasmon resonance where the LSPR gets red-shifted significantly as the aspect ratio of Au NRs
is increased. Au NWs although analogous to high aspect ratio Au NRs, they do not possess two
distinctive SPR bands. The absorbance of LSPR band is spread over the range of 700 to 2000 nm
and the TSPR is inconspicuous of its presence at 510 nm (Figure 3.1a) indicating the absence of

spherical Au NPs impurities which is well correlated with FE-SEM image (Figure 3.1b).

Extinction

400 500 600 700 800 900 1000 11000 pm’
Wavelength (nm) ..

Figure 3.1: a) UV-vis absorbance spectrum recorded for as synthesized Au NWs. b) FE-SEM
image of Au NWs.

Such high yield synthesis of Au NWs motivated us to investigate the role of each chemical
species present in the growth solution which allowed us to understand the significance of each
parameter. To know the importance of head group of BDAC surfactant, we have performed
experiments with CTAC and CPC (both contain hexadecyl chain and chloride as counter anion;
Figure 3.2) at different amount of NaOH in the growth solution. UV-vis spectral measurement
revealed that irrespective of amount of NaOH used, CTAC and CPC resulted in almost spherical
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Au NPs i.e. only one SPR band observed at ~520 nm whereas the band at higher wavelength
completely disappeared (Figure 3.2b and c). In addition, BDAC also did not give rise to Au
NWs unless the concentration of NaOH is 3 mM and/or above (Figure 3.2d). Therefore, from
these observations it can be concluded that presence of phenyl group in BDAC and higher pH
(Concentration of NaOH above 3 mM) of the growth solution is indispensable for the high yield

synthesis of Au NWs.
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Figure 3.2: a) Molecular structures of surfactants used for the Au NWs synthesis. b-d) UV-vis
spectra were recorded for the gold nanostructures synthesized with varying the amount of NaOH
in presence of b) CPC, c) CTAC and d) BDAC surfactants in the growth solution.

To understand further about the role of BDAC during the growth of Au NWs, its concentration
was varied from 0.02 M to 0.1 M (with the interval of 0.02) while keeping all other parameters
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constant. UV-vis spectra and FE-SEM data revealed that increasing the concentration from 0.02,
0.04 to 0.1 M resulted in spherical, fragmented wires and complete nanowires structures
respectively (Figure 3.3). It can be clearly seen from UV-vis spectra that minimum

concentration of 0.06 M is required for the fabrication of well-defined Au NWs.

To understand the role of BDAC to an even greater extent, it iS necessary to capture the
nanostructures at their embryonic stage (after few seconds of growth initiation). But the
stumbling block lies in the difficulty in separation of such small structures by centrifugation

since the time taken in such a technique is sufficient for the full growth of a nanowire.
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Figure 3.3: a) UV-vis spectra recorded for Au NWs synthesized at different concentrations of
BDAC. FE-SEM images of samples prepared with b) 0.02, ¢) 0.04 and d) 0.1 M (labeled in

yellow color) concentrations of BDAC.
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An alternative way seemed to be varying the amount of HAuUCI, to pinpoint the initial stages of
Au NWs growth. UV-vis spectra (Figure 3.4a) showed that at 0.04 mM concentration of
HAuUCI, features does not match with that of typical Au NWs which can be correlated with FE-
SEM image (Figure 3.4b) i.e. small wires with one spherical end. When the concentration is 0.2
mM, smaller Au NWs with no spherical end were observed. TSPR of Au NWs got red-shifted
(sky blue arrow; Figure 3.4a) on increasing the concentration of HAuCl, which suggested the

increment in width of wires.

a)

HAuCI, (mi)
— 004
—02
—03
"
—05

Extinction

500 600 700 800 900 1000 1100
Wavelength (nm)

/ 78 . ‘?'\
- s .
- s - piet

Figure 3.4: a) UV-vis spectra recorded for the Au NWSs synthesized with varying the
concentration of HAuCl,. FE-SEM images captured for the samples prepared with b) 0.04, c¢) 0.2
and d) 0.4 mM of HAuCl,.
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As it is well know that on increasing the amount of AgNQg in the growth solution will lead to the
formation of Au NRs with increased aspect ratio. Here, we varied the amount of AgNO3 to know
its significance in Au NWs synthesis. It is observed that at the concentration of 0.05 mM lead to
the formation of spherical Au NPs under standard experimental conditions. This implies that
AgNO:; is playing a vital role in directing the one dimensional growth. And it was also observed
that growth rate of Au NWs is getting increased with the amount of AgNO:s.
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Figure 3.5: a) UV-vis recorded for the Au NWs synthesized with different amount of AgNOs. FE-
SEM images corresponding to the samples fabricated with b) 0.05, c¢) 0.1 and d) 0.2 mM of
AgNOs3.
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TEM image below (Figure 3.6a) shows that as synthesized Au NWs do not possess uniform
width along the length. SAED measurement revealed that these Au NWs are poly-crystalline in

nature.

Figure 3.6: a) TEM image of Au NWs. b) SAED pattern recorded on image.
3.4 Summary and Conclusion

We have devised a single step and robust method which takes hardly 5 min for the synthesis of
Au NWs by using tannic acid as mild reducing agent. Control experiments with other surfactants
like CTAC and CPC did not lead to Au NWs structures formation. Therefore, the usage of
BDAC with sufficient concentration in the reaction mixture is a decisive factor for the formation
of Au NWs. We have also demonstrated that length of the nanowire segment can be tuned by
varying the amount of HAuCl,4. As per our knowledge, it is the fastest method developed for the
synthesis of Au NWSs, compared with the existing literature. However, detailed characterization
of the Au NWs regarding its crystallinity requires extensive examination using spectroscopic and
microscopic techniques such as PXRD and HR-TEM. Our results not only enthuse the use of
tannic acid such a benign reagent, but also promote the utilization of other structurally similar

molecules (to tannic acid) in the synthesis of various metal nanostructures.
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4.1 Introduction

Among various bimetallic alloy NPs, it is the Au—Ag combination which attracted extensive
research in the recent past due to the composition-tunable physical, chemical and biological
properties, and an easy synthetic methodology. On the one hand, Au—Ag alloy NPs retain
superior plasmonic property due to the Ag component; and on the other hand, inert nature of
the counterpart Au provides improved chemical stability." Owing to the simplicity, co-
reduction of commonly available stable salts like HAuCl, and AgNO3; seems dominating
(E° auqiyau) = 1.0 V and E%agayage) = 0.8 V) the wet-chemical routes in synthesizing Au—Ag
alloy NPs.2® However, the unavoidable problem of such a co-reduction reaction is the co-
precipitation of AgCl (Scheme 4.1) in the course of formation of alloy NPs due to very poor
solubility in water ( Kgp = 1.7 x 10 % at 25° C) which can adversely alter the composition of
the alloy NPs from the initial feed vis-a -vis properties. The use of a strong reducing agent
like NaBH, did not help in addressing this pertinent problem which is why the solution-phase
synthesis of citrate stabilized Au-Ag alloy NPs warrant that the molar concentration of Ag be

always kept below solubility product of AgCl.?

: NaBH
CI'(HAUCI,) + AgNO;, — 5 AgCl 52

% NaBH,

AgNO,+NH,0H — 5 [Ag(NH,),]+ I —— 4 5 AgO

Ag°

x NaBH
[Ag(NH,),] + [AuCI(NH,), ] —— %5 Ago-Au®(alloy)

Scheme 4.1: Represents how NH,OH can protect the Ag™ from the formation of AgCl and

thereby facilitate the reduction of Ag* and Au* simultaneously for the alloy NPs formation.

To overcome such an important problem of the co-reduction, two-phase reduction, complex
functioning of proteins (bio-reduction) or polymers and special techniques like digestive
ripening, sputter deposition on ionic liquids, capillary micro-reaction, or photosynthesis were
found to be reliable alternatives. “** Another alarming concern of the Au—Ag alloy NPs is the
phase-segregation of Ag on the outermost surface of the particle which has been previously
concluded by various experiments as well as theoretical investigations.™>™® Thus, despite

numbers of reported work in the synthesis and applications of Au—Ag alloy NPs, a
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fundamental question remained overlooked -- “heterogeneous-alloy” or “homogencous-
alloy”? Here, we have taken an attempt to address the concept as well as importance of
“homogeneous-alloying” of Au and Ag in sub-10-nm NPs by adopting a novel wet-chemistry
approach and combining various complementary measurements on the NPs. Specifically, an
additional use of NH;OH solution in the co-reduction of HAuCl, and AgNO; (Scheme 4.1)
in the presence of trisodium citrate (NasCt) in aqueous medium enabled us to synthesize
highly crystalline, SERS-active and biocompatible Au—Ag alloy NPs at ambient temperature
with precisely tunable SPR, controllable catalytic-activity and high-chemical stability — just
as per the feeding moles and well-above the solubility product of AgCI.

4.2 Materials/Methods

Gold (I11) chloride trihydrate (HAuCl4.3H,0), silver nitrate (AgNO3), hydrogen peroxide
(H202)(30%), ammonium hydroxide (NH4OH) (29%), NaBHy, trisodium citrate (NasCt), p-
terphenyl-4, 4"-dithiol (TPDT), dodecanethiol (DDT), H3POy, p-nitrophenol and 3-(4, 5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from Sigma-
Aldrich. Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS),
phosphate buffered saline (PBS) and penicillin — streptomycin solution were purchased from
Life Technologies (USA).

The synthesis of Au—Ag alloy NPs with compositions of 0:1, 1:3, 1:1, 3:1 and 1:0 (Au:Ag) is
as follows. Five 25 mL round-bottom flasks were washed with aqua-regia and deionized
water; filled with 0.625, 0.468, 0.3125, 0.156, and OmL of AgNO3; (4 mM) solutions; and
treated with 40, 30, 20, 10, and 0 uL of NH,OH (1 M), respectively. Each solution was
diluted with appropriate amount of H,O to make the total volume 10 mL. For each solution
100 puL of NazCt (25 mM) was added followed by 0, 0.156, 0.3125, 0.468, and 0.625 mL of
HAUCIl,; (4 mM) (same order as mentioned earlier) solution with vigorous stirring at room
temperature. These colourless solutions turned colorful in 5s upon addition of 0.125 mL of
NaBH, (0.02 mM), which indicates the formation of NPs. The total concentration of salts in

each reaction mixture was kept for 0.25 mM.

UV-—visible spectra of the solutions were recorded using a PerkinElmer Lambda-35 UV
—visible spectrometer. TEM and FESEM images were recorded in TECHNAI T30 and ZEISS
Ultra Plus microscopes, respectively. The room temperature and high-temperatures PXRD

patterns were recorded using a Bruker D8 Advance diffractometer using Cu Ka radiation
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(A=1.5406 A). SERS spectra were recorded on a high-resolution confocal Raman microscopy

(Lab Ram HR, Horbia Jobin Yvon, France) using 633 nm laser.
4.3 Results and discussion

We demonstrate the problem of AgCI precipitation where subsequent use of NaBH, for the
reduction of Ag* — Ag is apparently redundant so as to severely affecting the alloying of Au
and Ag. Without NH4OH, colour of the solutions of 3:1 and 1:1 feeding moles of Au:Ag do
not exhibit the expected colour and in fact these solutions look like pure Au NPs solution
(Figure 4.1a). As for the 1:3 feeding moles of Au:Ag, the solution shows intermediate colour

and suggests formation of 1:1 Au—Ag alloy NPs.
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Figure 4.1: a) UV—vis absorption spectra (normalized) for the Au—Ag alloy NPs synthesized
without using NH,OH and respective optical images of the solutions. b) Normalized UV—vis
spectra for the Au—Ag alloy NPs synthesized with NH,OH by varying Au mole fraction. For a
direct comparison cum visualization, optical photographs of the Au—Ag alloy NPs solutions

are presented.

The respective UV—Vvis spectra (Figure 4.1a) reflect that alloying of Au and Ag in the NPs is
certainly not as per the feeding moles of HAuCIl, and AgNOs;. However, it can be easily
worked out by pre-addition of NH4OH solution which effectively dissolved the AgCI
precipitate in the form of soluble [Ag(NH3).]" complex (i.e., basically Tollen’s reagent),

followed by the addition of NaBHj,. In the case of coreduction in the presence of NH,OH,
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there is a gradual change, not only in the colour of the solutions but also in the absorption
maxima (Amax ) Which strongly suggest the formation of Au—Ag alloy NPs as per the feeding
moles of HAuUCIl, and AgNO; (Figure 4.1b). Instead of NH,OH, the use of methylamine
and/or ethylenediamine could only produce pure Ag NPs; not pure Au and Au—Ag alloy NPs.
As for the stabilizer, we also tried several commonly used stabilizing agents, namely,
poly(vinylpyrrolidone) (PVP), poly(ethylene glycol) (PEG), cyclodextrin, and glucose under
similar experimental conditions to those of NazCt; however, in all those cases stable Au—Ag

alloy NPs as good as with NazCt could not be achieved.

Figure 4.2: a) TEM image of Au-Ag (1:1) alloy NPs and b) a magnified view on single
nanoparticle revealing a high-degree of crystallinity (almost single crystalline) where the
(111 ) fcc lattice fringes are separated by ~2.5 A. ¢) SAED pattern collected on the same zone
where large-scale TEM image was taken. Various lattice planes are indicated by yellow
arrows. d) FESEM image of the 1:1 alloy NPs sample from which elemental composition of

~1:1 (Au:Ag) was estimated by energy dispersive X-ray spectroscopy (EDXS) (inset).

TEM images (Figure 4.2a) of the 1:1 Au—Ag alloy NPs sample show the formation of

spherical NPs with average diameter 6 nm. The overall contrast reveals the formation of
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“homogeneously alloyed” NPs. The high-resolution TEM images clearly (Figure 4.2b)
suggest a high-degree of crystallinity where one can even depict the well-defined fcc-lattice
fringes which are separated by ~2.5 A (distance between (111) planes). The SAED pattern
(Figure 4.2c) recorded on these alloy NPs exhibited bright fringes resulting out of the
characteristic diffractions from various fcc-lattice planes namely (111), (200), (220), and
(311)."*? Earlier, the alloy NPs (prepared without NH,OH) did reveal a considerable amount
of structural defects.>* Also, in the present study, Au—Ag alloy NPs prepared without the use
NH4OH look far more disordered and well-defined atomic arrangements/fringes were not
visible. The FESEM image of the 1:1 Au—Ag alloy NPs sample (Figure 4.2d) obtained with
the use of NH;OH supported the TEM observations and revealed spherical alloy NPs with
average diameter sub-10 nm. Apart from NaBH,, other reducing agents like hydrazine
(NH2NH) and NasCt (at ~90° C) were also attempted; however, it did not lead to the
formation of homogeneous and truly alloyed Au—Ag NPs. We have also used tannic acid
(earlier it was used to control the size of Ag NPs*®) along with NasCt for the same experiment

(NaBH4 as reducing agent), but no improvement (i.e., above 10 nm) in particle size was

observed.
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Figure 4.3: Verification of the elemental composition (%) on the Au—Ag alloy NPs from
EDXS analysis with the initial feeding moles of Ag (%). Three batches of sample preparation
were executed and overall, there was a very good match between feed and actual with a
statistical average of more than three hundred EDXS analysis on Au—Ag alloy NPs covering

seven different compositions.
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Elemental signatures of both Au and Ag on the agglomerates of Au-Ag alloy NPs were
confirmed by EDXS analysis and the composition was estimated to be ~1:1 — clearly as per
the feeding moles. It is not only the 1:1 Au:Ag alloy NPs, for the 1:3 and 3:1 Au:Ag alloy
NPs elemental compositions derived from EDXS data were also very much close to the initial

moles of HAuUCI, and AgNO3 which justify claiming -as per feeding moles.

Statistically, we have carried out close to three hundred EDXS analysis on three batches of
sample preparation and in each batch of samples seven sets of alloy compositions were
verified. The exhaustive EDXS analysis is summarized in (Figure 4.3) and standard
deviation for each of the seven alloy composition was found to be varied only by few percent.
Without the use of NH,OH, composition in the alloy NPs was not as per the feeding moles of
HAuUCI, and AgNOg; specifically, with an initial mole ratio of Au:Ag ~1:3 resulted in the
formation of Au—Ag alloy NPs with a final Au:Ag composition close to ~1:1 — as revealed

by the EDXS data complementing the UV—vis spectrum (Figure 4.1a).
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Figure 4.4: PXRD was measured at 30, 150 and 250 °C for (1:1) Au-Ag alloy NPs
synthesized with (a) and without (b) using NH4OH. The same measurement was done for
Ag,0 at 30 °C.

PXRD pattern (Figure 4.4a) fully supported the SAED data by predominantly showing
diffraction peaks which are characteristic of fcc-lattice.’™** Even brightness of the SAED
fringes corroborates the intensity of the respective PXRD peaks. Furthermore, we have
recorded temperature-dependent PXRD patterns for (1:1) alloy NPs and realized that up to
250 °C the original pattern practically remained unchanged, thereby ruling out the presence

of secondary-ordering due to phase-segregation and/or impurity.
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Without NH4OH, we could detect additional impurity peak characteristic of Ag,O and/or
AgCl at 20 ~32.5 which persisted even after heating up to 250 °C (Figure 4.4b).

So far in the literature, for the Au—Ag alloy NPs, a linear variation of the SPR peak (Amax)
with the compositional fraction (Au:Ag) was always observed and proposed to be the general
expectation.>® Only recently, a theoretical model came up with the idea of a third-order
function of composition with size-dependent coefficients.”> Note that according to
Verbruggen et al?! It is primarily the composition of alloy that determines the SPR
wavelength, whereas particle size is of the secondary importance. Indeed, we have plotted the

SPR peak values versus mole fraction of Au initially used (Figure 4.5a).
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Figure 4.5: a) SPR wavelength (Amax) @and dephasing time (T,) as a function of mole fraction
of Au (%) in various Au—Ag alloy NPs. The dotted black (linear fit), blue (cubic fit), and
violet (quadratic fit) curves are representing the plots for Jmax (Orange diamonds) and T,
(green triangles) against mole fraction of Au, respectively. b) Quadratic fit (blue) for the plot

of Q-factor against mole fraction of Au in corresponding Au—Ag alloy NPs.

Although, it looks like that the trend can be apparently fitted linearly ( R, = 0.98), however a
third-order polynomial function gave a much better fit for a set of nine data points ( R, =
0.99) and the nonlinearity is visibly much pronounced in the tails. An important issue follows
is the compositional dependency of the plasmon bandwidth (I') -linear or nonlinear? Taking
the two-level concept of molecular spectroscopy into consideration one can simply express

the spectral width (I" in eV) of plasmon band as®
I'= 2h/7‘ET2

Here T, is given by the following equation:
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T2-1:T1-1/2 + Tz*_l

(T, is the population relaxation time, both radiative and nonradiative; T, is the total
dephasing time; and T, is the pure dephasing time which is often much shorter than T).

Since in our experiments a homogeneous size distribution of the NPs was observed, a
homogeneous spectral line broadening is expected where T, can be easily estimated from the
measured widths of the plasmon bands by following the procedure described by Link et al.?
In general, T, was in the range of few femtoseconds, relatively shorter for alloys than pure
metals, and falling down below 1 fs for the 1:1 Au—Ag alloy NPs which is perhaps the
shortest T, value known in the literature of plasmonic NPs and throws new challenges for
complementary experiments, specifically frequency and time domain measurements.?> A plot
of the composition dependent variations of T, exhibit a much more erratic behaviour —a
quadratic polynomial fitting very well with the experimental data (Figure 4.5a). Surprisingly,
such a trend was observed for thin- films alloys of Au and Ag having thickness in the range

of few hundreds of nanometer.?®

Another important parameter is the quality factor (Q) which can be easily derived from the

Amax (SPR peak) and I values (Figure 4.5b) by applying the following equation:*
Q = Amax/T

In case of the particle plasmon, Q value represents the local-field enhancement which is
basically linked to nonlinear applications like SERS (discussed below). Likewise T,, data on
the variation of Q on the composition of Au—Ag alloy NPs can be better fitted with a
quadratic polynomial. Again, considering alloy as a kind of impure material with respect to
pure metals and by applying the Matthiessen’s rule (resistivity proportional to sum of
different scattering mechanisms) one would expect a linear dependency of T, or Q versus
alloy composition which is clearly not the case we observe. Thus, SPR cannot be simply
correlated with the free-electron-gas model -whether it is sub-10 nm Au—Ag alloy NPs or a
170—300 nm thin-film alloy of Au and Ag. To explain such an unusual trend, we need to look
at the significantly different electronegativity values of Au and Ag whereby a charge-transfer
mechanism (Ag °*--Au ®) could bring additional factor by redistributing the electron density

across the NPs being maximum at the matching mole fraction (1:1).2%
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Raman scattering of molecules adsorbed onto noble metallic nanostructures is dramatically
enhanced which is known as SERS; and the enhancement factor (EF) can reach up to
10%-10" thereby show-casing a very high-sensitivity of the SERS technique down to single-
molecule level.*?” Even, sophisticated X-ray based surface analytical tools fail to provide
unprecedented information on the outermost surface layers compared to those of the interior
of alloy NPs. %18 |n fact, Kim et al.’>'®*® have successfully proved by SERS that ~30 nm
sized Au—Ag alloy NPs are indeed surface-enriched with Ag. Furthermore, Monte Carlo
simulations suggested the surface segregation of Ag in sub-10 nm Au—Ag alloy NPs for a
wide range of compositions, sizes, and temperatures.'” Thus, Au—Ag alloy NPs so far
synthesized via various wet-chemical routes are “heterogeneous-alloy” or “homogeneous-
alloy”? For the assessment of quality of Au-Ag alloy NPs with respect to composition as per
the feeding moles and mixing homogeneity additional application oriented experiments were

performed.
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Figure 4.6: Untangling electromagnetic and chemical enhancement. SERS of TPDT (inset:
molecular structure) in the presence of Au-Ag alloy NPs with various compositions and the
arrow indicates the gradual reduction in the intensity of the peak at ~1182 cm ™ as the Ag

fraction gradually decreases in Au—Ag alloy NPs.

We have measured the SERS spectra (Figure 4.6) for the Au—Ag alloy NPs (3:1; 1:1; and
1:3) along with those of pure Au and Ag NPs prepared under similar experimental conditions.

The samples were prepared as follows; ImL of TPDT solution (10 uM) in ethanol was added
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to the mixture of 0.5 mL of water and 0.5 mL of NPs solution (as synthesized). These
samples were kept for incubation for 6 h and then drop-casted on glass-slide, subsequently
dried under high vacuum. Enhancement factor for each sample has been estimated from the
average of five-data set on different spots and by considering the intensity of the peak at 1210
cm L. A significant enhancement of the Raman signal of terphenyl di-thiol (TPDT) molecules
was observed for all the NPs; specifically for the pure Au and Ag NPs the analytical
enhancement factors (AEFs) were estimated to be in the range of ~5 x 10* and ~5 x 10°,
respectively. From the exponential decay in the optical density with the increasing mole
fraction of Au,” one would expect a similar trend in the nonlinear optical properties like
SERS activity. However, the overall trend in enhancing the Raman signal of TPDT was as
follows: Ag > Ag—Au (3:1) > Au > Ag—Au (1:1)> Ag—Au (1:3,) which corresponds well to
the trend in the Q-factor values (Figure 4.5b) that are believed to be the figures of merit for
enhancement in SERS signal (roughly proportional to Q4 ). The SERS spectra looked
similar to each other; six major peaks were visible in all the systems and a negligible shift
observed in the peak positions reflects similar bonding (covalent attachment to Au or Ag via
S atom) and upright orientation of TPDT on the surface of all NPs.?® However, few peaks of
TPDT appeared characteristically on the Ag NPs and were apparently absent in the Au NPs
which could be attributed to a chemical enhancement effect.?® Specifically, the relative
intensity ratio between the peaks at ~1185 and ~1210 cm™* gradually decreased reaching
almost zero upon increasing the concentration of Au up to 100% which is remarkable and
strongly supports formation of “homogeneously alloyed” NPs by ruling out the possibility of

surface enrichment by Ag atoms.

To complement the SERS measurements, we have performed catalysis on the reduction
conversion from p-nitrophenol to p-aminophenol at ambient conditions which is a rather
common practice for checking the catalytic activity of unsupported Au NPs.2*° Catalysis in
general is very much surface-sensitive and the chosen reaction can be easily monitored by
using UV—vis spectrophotometer as the reactant, intermediate and product have distinctive
absorption characteristics (Figure 4.7). Since in our method we can precisely control the
composition of Au in the alloy NPs, a controlled catalysis of the reaction is expected. Indeed,
a gradual increase in the product conversion with increasing concentration of Au under a
fixed time of 9 min (Figure 4.7) was observed. Note that particle sizes remained almost same
in the concentration range of Au from 25 to 100%. On the contrary, Au—Ag alloy NPs

prepared without the use of NH,OH show an anomalous trend in the catalysis (data point
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cannot be fitted linearly) which strongly supports the uncontrolled composition of Au in the
alloy NPs. Thus, our results rule out the possibility of enrichment by Ag on the outermost
surface layers of the Au—Ag alloy NPs. Citrate-stabilization on the NPs seems very much
flexible —allowing not only the self-assembly of thiols on the surface but also providing
active sites on the surface for catalysis.
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Figure 4.7: Controlled catalysis. The plot of % conversion of p-nitrophenol to p-minophenol
(after 9 min of duration) against mole fraction of Au in Au—Ag alloy NPs. Inset (left): scheme
of p-nitrophenol to p-aminophenol conversion. Inset (right): absorption signatures of

reactant (p-nitrophenol), intermediate (p—nitrophenoxideion) and product (p-aminophenol).

To further strengthen our claim of “homogeneous-alloying ” of Au and Ag in sub-10 nm
particles, the potential cytotoxicity of different Au—Ag alloy NPs was evaluated in both HeLa
(cervical carcinoma) and HEK293T (human embryonic kidney) cells using the MTT assay **
(Figure 4.8). All the NPs showed dose-dependent and similar effect on the cell viability in
both HEK293T cells (Figure 4.8a) and HelLa cells (Figure 4.8b) when compared to the

untreated cells.

Even at the maximum concentration (40%; v/v), more than 50% cells were viable for both the
cell lines, thereby suggesting an acceptable level of biocompatibility for Au—Ag alloy NPs
prepared by our method. As expected, the Ag NPs showed relative more cytotoxicity (by
~10%) than Au NPs; however, the present observation on the huge reduction (by ~50%) in
the cytotoxicity of Ag NPs (size ~10 nm) compared to earlier reports (by ~100%) is

noticeable. ** Despite having sub-10 nm size,*? a comparable level of biocompatibility for all
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the NPs in cell lines derived from a cancerous (HeLa) and noncancerous (HEK293T) source
is interesting and could possibly originate from a common fact - high-degree of crystallinity
and uniformity in the distribution of Au and Ag atoms all throughout. These NPs are
therefore promising for drug-delivery applications as well as medical diagnostics — from

genomics to proteomics.®
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Figure 4.8: The potential cytotoxicity of pure Au and Ag and of Au—Ag alloy NPs in (a)
HEK293T and (b) HeLa cells as revealed by the MTT assay. Pure Ag NPs exhibited an

unusually good biocompatibility.

Because of poor solubility of metal salt precursors in nonpolar solvents such as hexane,
cyclohexane, chloroform, and toluene, phase-transfer remained an important approach for
obtaining stable dispersions of noble metal nanoparticles inorganic media and thereby paving
the way forward toward applications in nanotechnology.** In a two-step method, Brust et al.*®
pioneered the methodology in producing Au NPs inorganic solvent by means of an
alkanethiol and a phase transfer catalyst. Subsequently, stable dispersions of Au NPs in

1, aromatic

organic medium have been achieved upon using capping agents like alkanethio
thiol,*” dialkyldisulfides,®® thiolatedcyclodextrin,® and alkylamine.”® Also, phase-transfer of
preformed Au NPs in agueous medium by means of surface modifications with suitable
hydrophobic ligands was found to be reliable alternatives.** Note that it is difficult to achieve
homogeneously alloyed Au—Ag alloy NPs in organic solvents by Brust method. In order to
explore the phase-transfer characteristics of the pure Au, Ag, and Au—Ag alloy NPs prepared
by our method, we adopted the following procedure for four different organic solvents
namely hexane, cyclohexane, chloroform and toluene. An amount of 0.5 mL of ethanol was

added to 1 mL of NPs solution and stirred for 5 min. To this solution, 1.5 mL of organic
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solvent, 50 u L of 2 mM dodecanethiol (DDT) in respective organic solvent and 15 pL of 0.1

mol HsPO, (acted as an inducer 3*42

) were added sequentially followed by stirring vigorously
at room temperature 20 min. To our surprise, the Au—Ag alloy NPs (1:3; 1:1and 3:1) got
transferred to each of the organic solvents while pure Au and Ag NPs remained in the
aqueous phase (Figure 4.9). One probable reason could be the particle size; which was in the
range of ~10 nm for the pure Au and Ag NPs whereas those for each Au—Ag alloy system
was ~6 nm. In line with previous reports, a common red-shift in the SPR of alloy NPs was
noted thereby reflecting different dielectric surrounding of the NPs in the organic medium
than in comparison to the aqueous medium.*® Specifically, for the 3:1, 1:1, and 1:3 Au—Ag
alloy NPs, the SPR values were changed from ~515 to ~525 nm, from ~472 to ~487 nm and
from ~ 425 to ~445 nm; respectively. However, the consistency in the red-shift value of
SPRs of various alloy NPs, for example, ~10 nm for 3:1 Au—Ag, ~15 nm for 1:1 Au—Ag and
~20 nm for 1:3 Au—Ag, irrespective of the different refractive index values of the organic
solvents (ng ~1.37, ~1.42, ~1.44 and ~1.49 for hexane, cyclohexane, chloroform, and
toluene; respectively*®) could primarily arise due to consistent formation of DDT self-
assembled monolayers onto the particle surface. The controlled increment of red-shift is ca. 5
nm from 3:1 to 1:1 to 1:3 Au—Ag alloying is perhaps a reflection of the well-defined surface-

structure of NPs and warrants further investigations.
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Figure 4.9: a—d) Optical photograph showing the transfer of 3:1, 1:1 and 1:3 Ag—Au alloy
NPs from aqueous solution to hexane (a), cyclohexane (b), chloroform (c), and toluene (d)
(left) and the respective UV—Vis spectra (normalized), before and after phase-transfer (right).
Notably, phase-transfer of pure Au and Ag NPs in those organic solvents could not be

achieved under similar conditions which could primarily be due to larger particle size.
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We present an observation on the electron-beam induced fusion of sub-10 nm self-assembled
(with TPDT) Au—Ag alloy NPs in real-time at room temperature under a high-resolution 300
keV TEM (Figure 4.10). A scheme of e-beam fusion of NPs is shown in Figure 4.10a. Our
observation on the e-beam fusion of NPs is consistent with previous report.** However, we
have taken an attempt to shed new light in the seemingly simple and fundamentally important

problem in fluid mechanics —coalescence singularity.*
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Figure 4.10: a) Scheme of electron bombardment on NPs. TEM images (300 kV) captured
coalescence between two 1:1 Au-Ag alloy NPs with 1 min of interval time. b) TEM images
showing fusion of 3-NPs into 1-NP upon 5 min of electron irradiation. c) Evolution of liquid-
bridge radius against time. d) Circularly arranged mixture of Au and Ag NPs becoming a
nanoring in 5 min of electron beam exposure. e) possibility of obtaining nanorod from the
fusion of spherical NPs. f) Fusion of NPs under FESEM, images of group of Au NPs
recorded at 0 min (left) and after 10 min (right) upon exposure to electron beam (20 kV) for

~ 15 min (inset: TEM observations complementing the FESEM data).

It is classically a finite-time singularity problem where the dynamics is directed by nonlinear
partial differential equations. TEM image of NPs obtained from a mechanical mixture of pure
Au and Ag NPs (Sigma-Aldrich, average size ~10 nm, and with TPDT) showed spherical Au
and Ag NPs with average size ~sub-10 nm (Figure 4.10) and the self-assembly of Au NPs in

the presence of TPDT as dimers/trimers and no larger aggregates was visible.*® Specifically,

a discriminative response of TPDT with respect to an aliphatic di-thiol analogue
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(undecanedithiol, UDDT) in the self-assembly of Au and Ag NPs was observed (Figure
4.11). Remarkably, while zooming-in with converging electron-beam having accelerator
voltage of 300 kV for performing high-resolution microscopy, we observed fusion of NPs
initiating at a very small contact point which is reminiscent of coalescence of droplets. In
fact, one can directly visualize the fusion of three spherical NPs of average diameter ~9 nm
into one spherical NP of diameter ~13 nm which took place in 5 min of duration at room
temperature. A subsequent follow-up question would be — is it a viscous or inertial
coalescence? On the basis of theoretical modelling and experimental observations reported
earlier it can be inferred that if the growth of the radius of the liquid-bridge r (see the
dumbbell-like shape in Figure 4.10b) is linearly proportional to the time t then it is likely a
viscous coalescence or if it follows a power-law (r o« t*) then it is an inertial coalescence.*’
We have plotted the variation of r as a function of t and found that r o« t>* (Figure 4.10c)
thereby directing toward the occurrence of an inertial coalescence —likewise fusion of Hg
droplets.*® Some exotic nanostructures which can be fabricated from spherical NPs and with
the help of e-beam are presented in Figure 4.10d and Figure 4.10e. In Figure 4.10f we
demonstrate e-beam (20 keV) fusion of NPs under FESEM truly complementing the results
obtained under TEM. A combination of e-beam fusion and e-beam manipulation of NPs is
expected to open-up new possibilities in experimenting with ensembles of NPs down to

single NPs level.

a) 1.4+

1.24

-
(=)
1

0.8

| —— 4uMTPDT
—— 4 M UDDT

Absorbance (a.u.)

T
400 500 600 700 800
Wavelength (nm)

« C)
TPDT
0 o= $
50nm

< < o — 50N s
@ o <

100N SONM gy
sH

Figure 4.11: a) UV-vis spectra for the mixture of Au NPs solution and 4 uM solutions of
UDDT and TPDT. b) Optical photographs of the respective solution. ¢c) TEM image of the
TPDT-Au NPs system. d) FE-SEM images for the UDDT-Au NPs system.
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It is known that addition of NH4OH to a solution of AgNO3 generates [Ag(NHs)2]" ions (so-
called Tollen’s reagent; pH ~10.0). Subsequently, addition of HAuCl, changed the pH of the
solutions to ~9.5, ~9.0, and ~7.0, for the 3:1, 1:1, and 1:3 (Ag:Au) systems, respectively.
Usually, HAuUCI, remained as [AuCls] at pH ~ 3.0 and [Au(OH); ] at pH ~ 12; and a
gradual hydrolysis produce various intermediate species such as [AuCIl3(OH)] — (pH ~ 6.0),
[AuCI(OH),]” (pH ~ 7.0) and [AuCI(OH)s]” (pH ~8.0).***° Upon addition of excess
NH4OH to HAuUCI, solution, no characteristic metal-to-ligand (Au--Cl) charge-transfer band
at ~290 nm was detected which indicates considerable replacement of the CI™ ligands by the
OH  ions and formation of [Au(NHz3)4] species in the solution. However, such an ammonical
solution of HAUCI, did not allow stable AuNPs formation. On the contrary, a solution of
HAUCI, in excess NaOH where [Au(OH)4] seems to be the predominant species, did form
stable Au NPs. Furthermore, the onset of NPs formation took place very rapidly, started
almost immediately upon the addition of NaBH, (relatively stronger reducing agent) to the
reaction mixture of HAuCl,;, AgNO3, NasCt and NH,OH. As the mole fraction of Au was
increased, the evolution of Au—Ag alloy NPs growth somewhat slowed down. Specifically,
the time required to reach ultimate color of the corresponding Au—Ag alloy NPs solutions
with varied feeding moles of 0:1, 1:3, 1:1, 3:1 and 1:0 were ca. 10 s, 30 s, 2 min, 15 min, and
30 min, respectively (beyond these time scales there was no change in the color of the
respective solutions which could be detected optically). Considering the pH values measured
in our method, we would be in favour of assigning [AuCl,(NHs),] and/or [AuCI(NH3;)s] as
the active species > in conjunction with [Ag(NHs),]" ; possibly as an ion-pair intermediate
(Scheme 4.1). Notably, from these intermediate species the reduction potential to Au® and
Ag’ is only ~0.42 and ~0.38 V, respectively. *! Thus, significant lowering of the reductions
potential values and bringing them closer to each other by means of NH,OH and the use of
relatively stronger reducing agents like NaBH, could be the main driving forces for such a

precise control over the composition of the alloy NPs above the solubility product of AgCI.

In the conceptual framework of Au—Ag alloy NPs, bringing chemical stability with the help
of Au counterpart remained oneof the main aspects. To test chemical stability, alloy NPs
prepared were subjected to corrosive chemical environment, namely a mixture of 30% H,0,
and 29% NH,OH (1:1; v/v) for about an hour. 30 pL of corrosive solution was added to 2 mL
solution of each set of NPs. The SPR peak of pure Ag NPs solution was vanished as
expected. However, the SPR peaks of all alloy NPs including pure Au NPs solutions were

retained; though SPR intensities were modulated depending on the amount of Ag.
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Remarkably, the SPR peak position which is predominantly dependent on the composition
(since all NPs were sub-10 nm) was almost unaltered. For Ag-rich (>75%) NPs, there was
red-shift of SPR due to surface-etching, as by default there is more Ag on the surface region.
As for Au-rich (>75%) NPs, we could not find any change in the SPR peak position besides
observing an onset of aggregation of Au NPs. This experiment suggests that such-prepared
Au—Ag alloy NPs can withstand corrosive chemical environments and no pre-thermal
treatment at high-temperatures close to melting points of Au and Ag is required as recently
demonstrated by Gao et. al.' Thus, our coreduction approach at room-temperature using
NH4OH does lead to the formation of homogeneously alloyed as well as chemically stable

Au—Ag NPs as per feeding moles.
4.4 Summary and Conclusions

We have presented a robust wet-chemical co-reduction for producing citrate-stabilized
“homogeneously alloyed” Au—Ag NPs with average size sub-10 nm and as per the feeding
moles of HAuUCI, and AgNOs3. A decade long problem in the standard NaBH, co-reduction
was solved by exploring the power of wet chemistry in the usage of NH,OH; and the alloying
of Au and Ag was achieved well-above the solubility product of AgCl. Compositional
dependency of the SPR could be best fitted with a third-order polynomial and the quality
factor (Q) followed a quadratic trend. At the matching mole fraction (1:1), the Au—Ag alloy
NPs were found to be highly damped where the dephasing time (T,) was estimated to be
extremely short (below 1 fs). The SERS enhancement factors earned with these alloy NPs
were pretty good (10°-10°). Remarkably, all alloy NPs showed high-stability in corrosive
chemical environment. An acceptable level of biocompatibility in human cell lines tested,
including pure Ag NPs is noteworthy. A possible mechanism involving the formation of an
ion-pair intermediate consists of Au and Ag complexes has been proposed. Our method is not
limited to the Au—Ag combination but can be employed in the synthesis of various bimetallic
and trimetallic alloy NPs. The results are expected to stimulate future investigations in the
development of multifunctional “homogeneously alloyed” NPs with high-performance

capability.
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