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Introduction to Anisotropic Au
Nanostructures
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CHAPTER 1

1.1 Introduction

Gold has attracted the attention of humankind since time immemorial and has often been
equated as a symbol of wealth and power. This fascination has been primarily due to its brilliant
lustre arising from the absence of stable oxides at ambient conditions resulting in exceptional
chemical stability, and other properties like good conductor of heat and electricity, high ductile
and tensile strength and inertness earning it the moniker of noble metal.! This has translated in
their usage from art to jewellery to coinage. The appeal of gold does not end in its bulk state,
but becomes even more interesting in its nanoscale regime where distinct optical, electronic,
catalytic and electrocatalytic properties are exhibited. Although, the unique colours associated
with finely divided gold were already known in ancient times, the last two decades have
witnessed a renewed interest in the study of gold (Au NCs).22 This emphasis has been mostly
due to the shape and size dependent optical properties of Au NCs, originating due to a
phenomenon known as surface plasmon resonance (SPR), and other structure-function
relationships.* Among the numerous synthetic protocols available, the versatile seed-mediated
growth method for the synthesis of anisotropic Au NCs is on the forefront.>® A seed-mediated
synthesis comprises of two steps, in which the seed particles grown in the first step are regrown
in the second step in presence of metal precursors, surfactant, shape directing agent and a mild
reducing agent.” The easy tailorability and high degree of shape control of Au NCs, a trademark
of seed-mediated synthesis is usually achieved by manipulating external growth conditions like
temperature or internal parameters which affect the nucleation and growth of the Au NCs.
Mostly, two key chemical parameters, the Ag* and halide ions, the latter derived from
quaternary ammonium halide based-surfactant, are known to play a crucial role in generating
a myriad of anisotropic Au NCs. These two parameters have been isolated to have a better
understanding of their role in the growth mechanism of various anisotropic Au NCs and forms
the crux of this thesis. By doing so, we have also been able to introduce a new 1D Au

nanostructure, Au nanoearbud, to the existing toolbox of anisotropic Au nanostructures.
1.2 Surface Plasmon Resonance

The optical properties of nanogold have been one of the primary reasons behind their
popularity. They exhibit characteristic strong absorption band in the visible region, which is

absent in its bulk counterpart.? The physical origin behind this light absorption lies in the
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CHAPTER 1

coherent oscillation of the conduction band electrons induced by the electromagnetic field of
the interacting light. If collective oscillation is in resonance with the frequency of the incoming
light, it gives rise to a phenomenon called surface plasmon resonance (SPR). The displacement
of the electron cloud relative to the nuclei gives rise to a restoring force resulting in the
oscillation of the electron cloud relative to the nuclear framework. The Coulomb attraction
between electrons and nuclei results in the restoring force. The coherent collective electron
oscillation observed most commonly is the dipole plasmon resonance, however, higher modes
of plasmon excitations like quadrupole, sextupole or octupole resonances may also be

observed.?
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Figure 1.1: (A) Schematic illustration of SPR excitation for spherical Au NCs and (B) their
corresponding absorption spectrum; (C) Schematic illustration of SPR excitation for Au
nanorods and (D) the absorption spectrum exhibiting two plasmon bands corresponding to the

longitudinal and transverse electron oscillation. (adopted from Ref. 13 © Elsevier B. V.)

The frequency of the oscillation depends on the density and the effective mass of electron as
well as the shape and size of the NC and the dielectric medium surrounding it.%° However,
the size and shape of Au NCs exert marked effect on the width, position and number of SPR.
11-12 Thys, only one absorbance peak is discernible for spherical Au NCs which gets red-shifted

on increasing the size. While two absorbance peaks are observed for Au nanorods (NRs),

Debashree Roy, IISER Pune



CHAPTER 1

corresponding to electron oscillation along the short (transverse SPR) and long (longitudinal
SPR) axes of the NR appearing at lower and higher wavelength respectively.'® The transverse
SPR (TSPR) is mostly insensitive to changes in size and dielectric medium, whereas the
position of longitudinal SPR (LSPR) can be easily tuned according to the length, aspect ratio
and the surrounding refractive index.'® A linear relationship was found to exist between the
LSPR position and the mean aspect ratio of Au NRs. At a fixed NR aspect ratio, the LSPR
showed a linear dependence to the medium dielectric constant.!* Particularly, it has been
studied that the refractive index sensitivity increased with increasing sharpness of the apexes
of Au NCs. Au nanobipyramids, nanoprisms, concave cuboids have been found to exhibit three
SPR peaks, the origin of which were different in all the cases.'® *>-16 In general, reducing the
symmetry of Au NCs is an effective way to modulate the number, position and intensity of
SPR. Additionally, solvents and capping agents have also been realized to exert significant

influence on the position of SPR for Au NCs.’

0.0400 660 860 1000 600 800 1000 1200
Wavelength (nm) Wavelength (nm)

Figure 1.2: TEM images of Au NCs of various shapes and sizes. (A) Nanospheres, (B)
Nanocubes, (C) Nanobranches, (D) Nanorods (AR = 2.4), (E) Nanorods (AR = 3.4), (F)
Nanorods (AR = 4.6), (G) Nanobipyramids (AR = 1.5), (H) Nanobipyramids (AR = 2.7), (I)
Nanobipyramids (AR = 3.9), and (J) Nanobipyramids (AR = 4.7); (K) Normalized extinction
spectra corresponding to A, B, D, E, F and (L) Normalized extinction spectra corresponding
to C, G, H, I, J. (adopted from Ref. 10 © American Chemical Society)
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1.3 Anisotropic Au Nanostructures

Anisotropy in a material arises due to the difference in its properties along different directions
and in the domain of Au NCs, broadly refers to morphological anisotropy, i.e., non-spherical
NCs, or optical anisotropy, as in Au NCs exhibiting multiple SPR peaks.'® Morphological
anisotropy via solution-phase methods can be greatly enhanced in Au NCs by either
introducing defects to the crystal structure of the seeds or inducing symmetry breaking event
to the isotropic seeds; favouring a particular facet in the final Au nanostructure by using
capping agent; and passivating the growth of selective facets by the use of certain additives;
manipulating reaction conditions resulting in the interplay between kinetically controlled
growth pathway and a thermodynamically controlled one.® Optical anisotropy, on the other
hand, arises if the free electrons are polarized and distributed on the surface of Au NCs in more
ways than one. These Au NCs have aroused the interest of scientists due to their morphological
anisotropy dependent optical anisotropy making them promising candidates in avenues ranging
from surface enhanced Raman scattering (SERS), optical sensing and imaging, photothermal
therapy to photonics, giving rise to extensive research to develop chemical methods for
preparing monodispersed Au NCs in high yield.?° This has resulted in a library of anisotropic
Au NCs exhibiting tunable SPR peaks.

\
Al

I

Norm. absorbance

T 600 800 1000
Wavelength (nm)

Figure 1.3: Coloured TEM images of various anisotropic Au NCs: (a) nanospheres; (b)

nanocubes; (c) nanotriangles; (d) nanorods; (e¢) nanobranches. (f) Corresponding UV-vis
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spectra exhibiting the shape dependent optical properties. (adopted from Ref. 20 © 2018
IUPAC & De Gruyter)

1.4 Seed-Mediated Growth Method

Achieving control over the synthesis of gold nanocrystals to generate anisotropic Au NCs has
attracted a great deal of attention from the scientific community in recent years. In this regard,
seed-mediated growth has been acknowledged as a powerful and versatile tool for the synthesis
of colloidal metal nanocrystals.>® 2! The considerable appeal of this approach mainly originates
from the overwhelming extent of mastery one can wield over the size, shape, composition, and

structure of nanocrystals.

Strong
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Surfactant ~ Particles
o ®

2 Weak 3 e A
LA Reducing Agent, F A N Par
(2) Additives B *-_-.. . F‘ 1
Surfactant | Weak ’
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Growth Sclution Surfactant Nanoparticles

Figure 1.4: Schematic illustration of seed-mediated method to generate Au nanoparticles.
(adopted from Ref. 7 © American Chemical Society)

Traditional colloidal synthesis of metal NCs comprises of a one-step synthesis, where
simultaneous nucleation and growth takes place. One of the major disadvantages associated
with this method is the lack of control over the size, shape, monodispersity and internal
structure of the resultant NCs. Seed-mediated synthesis offers a way to alleviate this problem.
The seed-mediated synthesis, a two-step method devised mainly to decouple nucleation from
crystal growth, was first developed in a pioneering work by Murphy and co-workers for the
generation of Au nanorods (NRs).?? Later in another seminal work by El-Sayed, citrate was
replaced with cetyltrimethylammonium bromide (CTAB) as a capping agent and AgNOs was
introduced as a shape directing agent, resulting in almost 100% yield of Au NRs.?® The seed-
mediated method follows the heterogeneous nucleation process, where the nucleation process
and the subsequent growth of Au NCs are delineated as two distinct synthetic steps. In the first
step, i.e., the seed synthesis step, rapid reduction of Au®* to Au® by strong reducing agent like
NaBHj, takes place in presence of a capping agent to generate highly monodispersed spherical

Au NPs in the size range of 3-7 nm.” This step remains mostly similar for all the reported seed-
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mediated methods. In the subsequent step known as the particle growth step, the pre-formed
seed particles are introduced to the growth solution consisting of gold salt precursor, capping
agent/surfactant, shape directing additive and a mild reducing agent. The choice of a mild
reducing agent in this step is two-fold; it prevents further nucleation by enabling reduction of
Au®* to Au* only, and promotes the deposition of Au® atoms on the pre-existing seeds, in
addition to slowing the particle growth to allow the shape control of the Au NCs. This makes
the particle growth step much slower than the seed formation step.?* The activation energy
required for the reduction of Au on the pre-existing seeds being substantially reduced than that
required for the homogeneous nucleation of seed particles in solution, autocatalytic growth of
Au atoms on the pre-formed seeds is allowed. The use of NaBHa, on the other hand, in the
second step would further give rise to small seed particles instead of the formation of larger
anisotropic NCs. The seed-mediated synthesis presents a series of variables, predominant
among which are amounts of AgNOs3, type of surfactant, reaction temperature and pH, amount
of mild reducing agent as well as the ratio between some key chemical parameters.?> While
having such an overwhelming number of parameters may result in complexities given their
inter-dependence on one another, isolating them also paves the way for better insight into
growth mechanisms. The underlying mechanisms governing the growth pathways in a seed-
mediated synthesis- the kinetically controlled and selective surface passivated pathways are
directed predominantly by Ag* and halide ions and will be discussed at length in subsequent
sections.” Rational design and judicious maneuvering of growth conditions integral to seed-
mediated synthesis offer extensive promise for the advancement of understanding and

designing of anisotropic Au NCs and opening the door to a world of possibilities.
1.5 Role of Seed

Achieving control over the crystallinity of seeds is essential for the generation of anisotropic
Au NCs in high yield. A seed is a nucleus which has grown past a critical size such that its
internal structure is unperturbed by thermal fluctuations.?® Of the numerous crystalline forms
in which Au NC seeds, with face-centered lattice, can exist, the most prevalent are single
crystalline and singly, doubly, penta- and multiply twinned NCs.> Experimental studies have
shown that the internal structure of the seed is regulated by both thermodynamic as well as
kinetic parameters. In a thermodynamically controlled reaction condition, the most stable
product will be the those which can reduce the total interfacial free energy. In this context,
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single crystalline seeds will be produced in major proportion along with singly and multiply
twinned seeds comprising the minor fraction. However, for seeds consisting of internal crystal
defects, the strain energy increases with an increase in the size of the seed. It is more prominent
for multiply twinned seeds, which are favoured at smaller sizes by thermodynamics. As such,
a slower generation of atoms increases the proportion of multiply twinned seeds over the single
crystalline seeds as their small sizes can be maintained for longer time periods. When the
generation of atoms is fast (in presence of a strong reductant), single-crystal seed formation
will dominate.?® Depending on the reaction conditions employed, the internal crystal structure
may or may not be preserved in the final morphology. Likewise, various shapes bound by
different facets may evolve from seeds exhibiting the same internal crystal habit just like
different morphology of Au NCs bound by different facets may result from subjecting seeds,
differing in their crystal habits, to the same growth conditions.?” The difference in internal
crystal structure notwithstanding, several studies have shown that the yield of Au NRs
decreases with the increase in the size of the respective seeds.?®?® Additionally, the age of
CTAB-capped seeds has been realized to be just as crucial in exerting tight control over the
monodispersity of the resulting Au NRs. Aging the seeds between one to ten minutes was found
to result in single crystalline Au NRs with highest shape yield.® It is common wisdom that
while the use of citrate as a capping agent gives rise to multiply twinned seed particles, the use
of CTAB results in the generation of single crystalline seed particles.” This proportion of citrate
capped multiply twinned seed particles have in a recent study been increased by mild thermal
treatment.®! Thus, improving the yield of anisotropic twinned Au NCs such as penta-twinned
Au NRs, decahedra, bipyramids and nanostars. On the contrary, oxidative etching has been
used to remove seeds containing twin defects to increase the relative proportion of single-
crystalline seeds. As such, the internal structure, which remains conserved during the growth
stages of the Au NCs, is defined at the initial stages of seed synthesis and the surface structure

becomes more pronounced during the final stages of seed synthesis.?®

Symmetry breaking is another aspect in the synthesis of anisotropic Au NCs where the role of
seed particles is crucial. Extensive studies have been carried out to study how isotropic seeds
breaks its symmetry to grow anisotropically.3?* For penta-twinned nanorods, the inherent
geometry associated with the penta-twinned seeds allows the growth via selective surface

passivation of facets.® In contrast, for the single crystalline seed particles, the symmetry
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breaking occurs in the size regime ~4-6 nm with the creation of truncations which mark the
beginning of anisotropic growth into NRs. Seed particles grown beyond 6 nm in the absence
of AgNO3 has greater tendency of developing into twinned particles, no longer capable of
generating NRs under the conditions employed.® The symmetry breaking is not just limited to
small isotropic seed particles, but has been extended to rhombic dodecahedron Au NCs used
as seeds and possessing On symmetry. They transform to tetrahedra Au NCs with reduced Tq4
symmetry via the kinetically driven growth process where tip/edge deposition is preferred

leading to initial loss of inversion symmetry.®
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Figure 1.5: Schematic illustrating the growth mechanism of seeds and how their internal
crystal structure impacts the growth of Au NCs. (adopted from Ref. 30 © American Chemical
Society)

1.6 Role of Halide

The advent of aqueous seed-mediated synthesis as a powerful tool to achieve shape-controlled
synthesis of anisotropic Au NCs has initiated studies on the role of halide anions in guiding the
morphology. Quaternary ammonium halide-based surfactants, the major source of the halide
anion, have been vital to the generation of anisotropic Au NCs. In particular, bromide-based
surfactant, CTAB, has been found to be indispensable when it comes to the generation of
monodisperse Au NRs. Various mechanisms have been put forward, ranging from soft template
method to face-selective capping agent,?* 3" to explain how bromide aids Au NR formation.
However, none of them have been able to fully elucidate the picture. Furthermore, by changing
the halide counter-ion in an otherwise identical reaction condition, a host of anisotropic Au

NCs have been obtained. The deliberate introduction of KI as the source of iodide resulted in
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the formation of prism and plate-like morphology.38-* In presence of CTAC however, Au NCs
enclosed by high-index facets could be generated. This points at the crucial role played by
halides in controlling the shape of Au NCs and their judicious choice can help in rational

designing of anisotropic Au NCs.

(E) Kinetically-Controlled Products
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Figure 1.6: SEM images of reaction products from growth solutions containing (A)50 mM
CTA-ClI only; (B) 50 mM CTA-CI and 5.0 mM NaBr; (C) 50 mM CTA-Cl and 10.0 uM Nal,
and (D) 50 mM CTA-CI and 75.0 uM Nal, resulting in the formation of high-index faceted
trisoctahedra,{100-faceted cubes, {111}-faceted octahedra, and {111}-faceted truncated
bitetrahedra respectively. Scale bar is 200 nm for all. (E) Scheme illustrating how halides in
in the absence of silver ions lead to the formation of kinetically controlled products. (adopted

from Ref. 40 © American Chemical Society)

In the absence of halides, the order of specific surface free energies for Au increases as y(11) =
3.36(¢/a%) < yaoo) 4(&/a?) < yai0)4.24(¢ la?), where ¢is the bond strength and a is the lattice
constant.?® This however gets effectively modified in presence of halides due to their
preference for certain facets, retarding the deposition of atoms on them, thereby preserving
those facets in the final morphology. It has also been proposed that the presence of halides
strongly influences the reduction potential of Au* and in turn the reduction rate. The reduction
potential of Au* reduces in the order of AuCly (1.154 V) > AuBr2 (0.960 V) > Auly (0.578
V),% i.e., on increasing the size of the halide, it will increasingly become difficult to reduce
Au-halide complexes. Thus, the progressively retarded rate of Au atom generation will result
in Au NCs bound by low-energy surfaces, accounting for the formation of prism/plate-like
morphology bound by {111} facets. In addition, the adsorption strength of the halides to Au
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surface follows the order CI-< Br < I.** Thus, the desorption of halides from the Au surface
will be more difficult for halides exhibiting a greater affinity towards Au surface, thereby
lowering the Au surface area available to promote the reduction of Au®. The reduction rate of
Au” further depends on the effective availability of Au™ which decreases with the decrease in
the solubility of the Au-halide complexes as [AuClz]"> [AuBrz] > [Aulz].” The decrease in
the solubility of the Au-halide complexes results in the lowering of equilibrium concentration
of Au™ in solution and consequently the reduction rate of Au®. The complete understanding of
the role of halides is however challenging as it is mired in several interactions working in
tandem in directing the shape-controlled synthesis of Au NCs. The most prominent among

them is its synergistic interaction with Ag™, discussed in the upcoming section.
1.7 Role of Silver

The seed-mediated synthesis of Au NCs is associated with a large number of variables. While
on one hand it allows more control over the reaction kinetics and hence the final morphology
of the Au NCs, on the other hand it impedes the mechanistic study of the Au NCs due to the
synergy or competition between various components. With the advent of Ag-assisted seed-
mediated growth of Au NRs, Ag* has been widely employed as a shape directing agent in the
seed-mediated synthesis of various anisotropic Au NCs.?* %243 The introduction of Ag* to the
growth of Au NR improved the yield and was later used to tune the aspect ratio of Au NRs.*
The initial understanding of the role of Ag™ was speculative, wherein AgBr,™ instead of Br- was
proposed to selectively passivate Au surface. However, the chemical inertness of AgBr,” when
compared to Br and the small fraction of Ag™ when compared to the Br-, ruled out such
possibility. A new mechanism, underpotential deposition (UPD) of Ag on Au surface, was
introduced which involves the deposition of a metal (here Ag) sub-monolayer or monolayer
onto a different metal (Au) surface at a potential significantly less negative than for bulk
deposition. Furthermore, theoretical calculations showed that work function difference
between the adsorbate and adsorbent directed the underpotential shift. The work function of
Ag being lower than Au by 0.5 eV, allows the UPD of Ag on Au surface. However, this value
is not absolute and depends on the facet as observed from the work function differences of
0.57,0.83, 0.85 eV between Au and Ag for their (111), (100) and (110) facets.?” Thus, UPD of
Ag on Au surface follows the order (110) > (100) > (111). Additionally, an UPD Ag atom on
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(110) facet is stabilized by five nearest neighbours compared to four and three on (100) and

(111) facets respectively.**

Figure 1.7: Schematic illustration of binding of Ag onto different Au surfaces. (adopted from
Ref. 44 © The Royal Society of Chemistry)

This also explains the existence of the higher energy {110}facets in Au NRs whereby the
compact Ag UPD monolayer restricts it from further growth. However, this restriction does not
hold in those cases where the fraction of Ag™ employed is quite high, leading to higher Ag
coverage without any discrimination toward any particular facet.** UPD is also affected by the
availability of Ag™ in presence of halide ions. As the solubility of the Ag-X (X = ClI, Br, 1)
complexes decreases with increasing size of halide (ksp(AgCl) ~ 1020 > ksp(AgBr) ~ 1023 >
ksp(Agl) ~ 10718 >), the availability of Ag* for reduction is decreased.*® This reduces the rate of
Ag deposition leading to lower Ag coverage on the Au surface, stabilizing the less open facets.
Furthermore, the halide ions impact the binding of the Ag UPD layer to varying degrees. On
account of similar binding strength of CI" to Ag and Au surfaces, it does not compete
significantly with Ag for Au surface resulting in a Ag UPD layer with enhanced stability. Under
such circumstances, increasing the Ag* concentration leads to the stabilization of surfaces with
more open structures enabling the formation of Au nanostructures bound by high-index facets.
Alternatively, at higher concentrations of halides (Br-, I"), due to the stronger binding affinity
of both Br and I" towards Au surfaces, a competition ensues between the halides and the Ag
for Au surfaces, destabilizing the Ag UPD layer and blocking the Ag deposition. In presence
of trace amounts of Br~ and I, although the Ag UPD layer is destabilized, Au NCs bound by
more open facets can be generated due to higher Ag coverage via UPD at relatively lower Ag*
concentration.” The co-reduction of Au* and Ag* may also take place to electrolessly deposit

Ag-Au alloy on the Au NR seeds to give rise to Au-Ag electroless co-deposition, which
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undergoes a pathway switch between Ag UPD arising due to the interplay of Ag*, surfactants

and reducing agent.*?

(A) Ag UPD-Controlled Products
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Figure 1.8: (A) Schematic illustrating Ag UPD-controlled products where the interactions of
silver with the particle surface dictates product shape; (B) SEM images of (left to right)
octahedra, rhombic dodecahedra, truncated ditetragonal prisms, and concave cubes obtained
by increasing the concentration of Ag™* in reaction solution; (C) Effect of varying the stability
of the Ag UPD layer with high concentrations of chloride, bromide, or iodide in the growth
solution, yielding concave cubes, tetrahexahedra, and stellated particles, respectively.
(adopted from Ref. 40 & 42 © American Chemical Society)

While the UPD mechanism accounts for the final morphology, it could not account why an
isotropic cuboctahedral seed particle undergoes symmetry breaking in presence of Ag* to
induce anisotropic growth to a NR. It was proposed that there is an initial formation of new
{011} surfaces formed stochastically as truncations, to remove high-energy edge atoms at the
intersection of existing {111} facets, stabilized by Ag deposition and thus preserving the facet
in the nascent NRs, signally the symmetry breaking event.* Furthermore, the
[HAUCI4]:[AgNOg] ratio coupled with the reduction potential of the system dictates the
deposition of Ag on the atomically more open surfaces instead of the lower-index facets in
existence. The [HAUCI4]:[AgNOs] ratio also decides the size at which symmetry breaking can
take place which in turn determines the final width and aspect ratio of the Au NR.*® With
further progress in reaction, Ag surface coverage is diminished due to its diffusion into the
layers below the surface of NR.#’ This also slows the growth rate of the length of the NR which

depends on the amount of Ag present on surface. However, if allowed to grow for extended
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time period, a reduction in the Au NR aspect ratio indicates a lowered control of Ag on the

aspect ratio thereby emphasizing the crucial role exerted in the initial stages of the reaction.*®

PR
Y

HAME

EFAMR

A
Au

—Aut

m
Ag  Agl
J

I
ST

Figure 1.9: Schematic illustrating the symmetry breaking event of symmetric cuboctahedral
Au seeds: Formation of truncating surface and subsequent stabilization by Ag UPD. (adopted

from Ref. 34 © American Chemical Society)
1.8 Role of Reducing Agent

Understanding the role of key chemical parameters involved in the seed-mediated synthesis
offers a route to rationally design Au NCs. To that effect, the role of reducing agent employed
in a seed-mediated synthesis have also been studied by various research groups.*® The two-step
seed-mediated method involves the usage of two reducing agents: a strong reducing agent in
the seed synthesis step and a mild reducing agent in the growth step. The use of NaBH4 as the
strong reducing agent in the first step is common across all aqueous seed-mediated methods.
However, a variety of compounds have been exploited as the mild reducing agent. The
reduction kinetics of the metal salt precursor can most easily be tailored with the choice of a
reducing agent. While the reduction of Au®* to Au®which takes place in the presence of NaBH4
is a rapid process, ensuring seed particles are monodisperse and small, the reduction that takes
place in the growth step in presence of a secondary mild reducing agent is slow allowing the
shape control of Au NCs associated with the seed-mediated growth. By far, ascorbic acid (AA)
has been the ubiquitous choice as the secondary reductant for synthesizing anisotropic Au NCs.
It functions as a weak reducing agent under acidic conditions, reducing Au®* to Au*, followed
by catalysing the conversion of Au* to Au® on the pre-formed seeds, thereby averting self-
nucleation of the metal atoms to generate new seeds. The concentration of AA has also been

modulated to generate Au NCs of varying morphology, where increasing its concentration has
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been found to accelerate gold ion reduction and hence particle growth leading to the formation

of kinetically more favoured particles bound by high energy surfaces.>

o ! A-'!
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Figure 1.10: SEM images of various polyhedral Au NCs: (a) octahedra; (b) truncated
octahedra; (c) cuboctahedra; (d) truncated cube (e) cube and (f) trisoctahedra obtained by
increasing the concentration of the reductant in the growth solution. (adopted from Ref. 50 ©

American Chemical Society)

But this has not deterred researchers from exploring other compounds as possible alternatives
to precisely control the reaction kinetics. Notable among them have been the use of aromatic
alcohols like hydroquinone, catechol, resorcinol to generate Au NRs with LSPR tuned beyond
1200 nm or lengths tunable up to 1-3 um.>*2 Prereduction with curcumin and 5-bromosalicylic
acid in the absence and presence of ascorbic acid respectively, has been carried out for the
synthesis of Au NRs to investigate the formation and to improve the monodispersity and yield
of gold reduction.>*%* The efficacy of tannic acid (TA), a polyphenolic compound, as a milder
alternative to ascorbic acid has not only been limited to the generation of Au NRs, but extended
to other anisotropic Au NCs as well, demonstrating superior control over reaction kinetics.®
The phenolic groups present in tannic acid undergo redox reactions to release electrons to
reduce the metal ion and themselves oxidized to the quinone form.%® The reducing ability of all
these mild reducing agents can be easily modulated by adjusting the pH of the solution and a
study has shown the generation of various penta-twinned Au NCs with tunable sizes simply by
altering the initial pH of the system.®’

CsHgOs + 26" + 2H" ——>» CsHsOs (1)
En = Eo +0.05916/2 {log [CsHsO6]/[ CsHsOe] —2 pH}  (2)

The Nernst equation derived from the half-cell equation of AA oxidation (Equation 2) consists
of the pH term where Eq refers to the standard reduction potential reaction of equation 1, and

the actual half-cell reduction potential at a given reaction condition is En. It can therefore be
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observed that the effect of pH of the reducing agent on En is more pronounced than its
concentration. A higher pH value of the growth solution translates to a more negative reduction
potential of the reducing agent and hence a more facile reduction reaction. Taken together, the
reaction conditions such as solution pH and temperature are also of paramount importance in
regulating the activity of the reducing agent and understanding their role in the chemical

synthesis of Au NCs.
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Figure 1.11: Schematic outlining the reaction mechanism of tannic acid mediated reduction of

metal salts.
1.9 Application Possibilities

The ability to tailor the morphology of Au NCs has paved the way to not only tune their
physicochemical properties, but also optimize them for a wide range of applications. The
optical properties of Au NCs have been engineered due to their innate bio-inertness for various
biomedical applications like sensing, drug delivery, imaging, cancer treatment and
photodynamic therapy among the others.> The shape-controlled Au NCs have particularly
attracted the attention of researchers to explore them towards catalytic and electrocatalytic
applications as their bulk counterpart have been known for being an inert catalyst.>® Better
control over the shape dependent surface structures of Au NCs has also improved the
understanding of the activity of the catalysts. Apart from the superiority of shapes enclosed
with more corners and edges over simple structures towards catalysis, the facets enclosing the
Au NCs have also been found to play a crucial role. Facet-dependent catalytic studies have
further emphasized the rational engineering of Au surfaces towards heterogeneous catalysis.>®
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Au NCs bound by high-index facets have been realized to exhibit remarkable electrocatalytic
behaviour in comparison to those Au NCs bound by low-index facets. In particular, the electro-
oxidation of formic acid (FA), considered an important prototype reaction for small organic
oxidation,®® showed the superior performance of tetrahexahedra (THH) Au NCs over bulk gold
and a (111) bound conventional polycrystalline Au electrode. The superiority was attributed to
the enhanced adsorption, activation and oxidation of FA on the high density of under-
coordinated surface atoms present in THH Au NCs.® Another prominent avenue where
anisotropic Au NCs have found success due to their enhanced optical properties is surface
enhanced Raman scattering (SERS). A vast majority of anisotropic Au NCs have been explored
as possible substrates towards SERS with varying degrees of enhancement. Apart from the
morphological parameters of NCs such as curved edges, protruded corners and highly reactive
facets, other key factors that positively impact SERS performance include minimally damped
plasmon oscillation and on-resonance conditions. In an electromagnetic mechanism, the
enhancement factor can be simplified to approximate the fourth power of the local
electromagnetic (EM) field enhancement at the surface of the NC. A modest enhancement by
a factor 10 of the EM field can result in an increased intensity by 10%.52 In fact, Au concave
cubes exhibiting red-shifted plasmon resonances in comparison to its non-concave counterpart
are expected to show better SERS signals. Indeed, higher EM field enhancement was observed
in those cases where the excitation wavelength and LSPR were in resonance with each other.
Additionally, the more concave structures produced higher enhancements.®® Thus, optimizing
the properties of the SERS substrates (Au NCs in this case) holds promise for the use SERS

technique as a detection tool for diverse analytes.
1.10 Objective of Thesis

In this thesis titled “Seed-Mediated Growth of Anisotropic Au Nanostructures:
Mechanistic Insights and Application Possibilities”, two chemical parameters, quaternary
ammonium halide-based surfactants and Ag*, considered instrumental in the seed-mediated
synthesis of Au nanostructures have been extensively studied to expand their understanding,
offering new mechanistic insights into the growth of anisotropic Au NCs. Briefly, the role of
the quaternary ammonium halide-based surfactants, the primary source of halide, during the
growth of Au CCB NCs have been discussed at length wherein CI" ion has been found to
regulate the formation of concave structure. Additionally, modification of the well-established
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Au NR synthetic protocol by using quaternary ammonium chloride-based binary surfactant
mixtures instead of CTAB, a bromide-based surfactant, led to the generation of a novel 1-D
Au nanostructure, Au nano-earbud (NEB). As opposed to conventional wisdom, the chloride-
based binary surfactant mixture could also generate Au NRs. Furthermore, investigation into
the growth of both these anisotropic Au NCs (CCB and NEB) has shed light on their evolution
mechanism. After studying the role of halide, the role of Ag has been explored for the first time
in the growth of CCB Au NCs, from the perspective of time. The aspect ratios of CCB Au NCs
have been modulated by adding same amount of Ag* but at different time intervals which could
not be compensated by adding excess Ag*. This brings to light the importance of Ag addition
time in the generation of anisotropic Au NCs. These Au CCB NCs bound by high-index facets
(HIFs) have further been subjected to Pt deposition in presence of Ag*. By developing a fast
and facile synthetic route, we were able to bypass the tediousness associated with the
generation of Au@Pt nanostructures. An unusual behaviour of Ag*, unlike those reported in

literature, in directing the Pt deposition has been observed and duly investigated.

Au CCB NCs, by virtue of their sharp corners and edges and under-coordinated surface atoms,
have been realized as excellent candidates as SERS substrates and electrocatalysts respectively.
With selective Pt deposition on the edges and corners of Au CCB NCs, impressive electro-
catalytic performance toward the oxygen reduction reaction was observed. Such performance
at a relatively low Pt loading bypasses the need of monometallic Pt NCs. Additionally, we
anticipate that Au NEB NCs with sub-100 nm dimension and SPR peak in the NIR-II region

are promising for in-vivo biological application and detailed studies are highly desirable.

This thesis is further composed of the following chapters,

Chapter 2. Mechanistic Insight into the Evolution of Au Nanorod to Concave
Cuboid Au NCs

In this chapter, the role of the cationic as well as the anionic counterpart of a quaternary
ammonium halide surfactant which constitutes as a key chemical parameter in the seed-
mediated synthesis of anisotropic gold nanocrystals (Au NCs) has been duly studied for the
generation of concave cuboid (CCB) Au NCs. Insight into the growth mechanism in the
transformation of Au nanorods (NRs) to CCB Au NCs, the latter belonging to the family of
HIF NCs, has been performed. The Au CCB NCs were in turn exploited as electro-catalysts

for the oxidation of formic acid due to the presence of under-coordinated surface atoms.
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Publication from this chapter:

Facile Synthesis of Concave Cuboid Au NCs with Precisely Tunable Dimensions and

Mechanistic Insight
R. Rajendra®, D. Roy®, S. Tripathi, N. Ballav (¢ equal contribution)

Langmuir 2019, 35, 9456

Chapter 3. Controlling the Aspect Ratios of Au NCs with Ag*™ Addition Time
in Seed-Mediated Synthesis

In this chapter, the role of another key chemical parameter, AgNOs3, has been investigated from
the perspective of time in the seed-mediated synthesis of Au CCB NCs. By doing so, we were
able to generate CCB Au NCs with tunable aspect ratios (ARs). We further show that the
addition time of Ag* is just as crucial as the concentration in regulating the AR of the final Au
NCs and cannot be compensated by adding excess Ag" at a later reaction point. The findings
were extended to another anisotropic Au NC system, elongated tetrahexahedra (ETHH) where

similar observations were made, lending credibility to our earlier findings.
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Controlling the Aspect Ratios of Au Nanocrystals with Ag* Addition Time in Seed-Mediated

Synthesis: Implications for Surface-Enhanced Raman Scattering
D. Roy, R. Rajendra, S. Tripathi, N. Ballav

ACS Appl. Nano Mater. 2021, 4, 7426

Chapter 4. Wet-Chemical Deposition of Pt on Au NCs: The Ag Lining

In this chapter, a facile and robust wet-chemical method has been devised for the deposition of
Pt within 7 minutes at 65 °C onto CCB Au NCs. Ag* exhibited an unusual behaviour, wherein
Pt deposition was retarded in the absence and in the presence of higher Ag™ concentration.
Analogous observations were also made for Pt deposition on ETHH Au NCs, another class of
HIF Au NCs. The electro-catalytic behaviour of these HIF Au NCs with variable Pt loading
towards oxygen reduction reaction (ORR) was studied where they showed impressive

performance.
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Publication from this chapter:

Seed-Mediated Growth of Pt on High-Index Faceted Au Nanocrystals: The Ag Lining and

Implications for Electro-Catalysis
D. Roy, R. Rajendra, P. K.Gangadharan, A. Pandikassala, S. Kurungot, N. Ballav

ACS Appl. Nano Mater. 2021, 4, 9155

Chapter 5. Gold Nano-Earbuds: Seed-Mediated Synthesis and the
Emergence of Three Plasmonic Peaks
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In this chapter, by manipulating a chloride based binary surfactant mixture and modulating the
AgNOs amount, we were able to introduce a new morphology to the existing library of
anisotropic 1D Au nanostructures, Au nano-earbud (NEB). Au NEBs exhibit three plasmonic
peaks, analysed theoretically where the new resonance peak was found to be a longitudinal
sextupole mode, arising because of the bulbous ends of the NEB structure and intensified by
the high AR. The longitudinal surface plasmon resonance (SPR) could be tuned beyond 1200
nm, while maintaining the dimension well below 100 nm, a challenging accomplishment in the

realm of one-dimensional (1D) Au nanostructures.
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Publication from this chapter:

Gold Nanoearbuds: Seed-Mediated Synthesis and the Emergence of Three Plasmonic Peaks
D. Roy, Y. Xu, R. Rajendra, L. Wu, P. Bai, N Ballav
J. Phys. Chem. Lett. 2020, 11, 3211
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2.1 Introduction

The exceptional chemical stability, catalytic activity, processability, and unique surface
plasmon resonance (SPR) property associated with anisotropic Au NCs have attracted a great
deal of attention from the scientific community. However, to exploit Au nanocrystals (NCs)
to their full potential for various applications demand synthetic techniques that can judiciously
tune their size and morphology.? Among various synthetic routes available, the seed-mediated
growth method, because of its versatility, has been the most popular choice giving rise to a
myriad of nanostructures with distinct optical and catalytic properties.®° Furthermore, based
on the atomic arrangement on the surface of the metal, nanoparticles have been classified into
two domains, low and high index facet (HIF) nanocrystals.>1*"* HIF NCs possess high surface
energy due to the presence of loosely packed atomic arrangements at steps, kinks, and ledges
on the surface which render them promising materials in catalysis.!* In the past decade, efforts
from various research groups have yielded a series of HIF NCs via seed-mediated synthesis,
which are enclosed by either convex or concave surfaces.>™>'° However, concave
nanostructures hold some interesting structural features over convex counterparts, such as
indented faces, sharp corners, and edges making them captivating materials in fundamental and
application studies.t”?2 Since the formation of the concave nanostructure is not
thermodynamically favourable and requires relatively more energy than that for a convex
counterpart, the synthesis of such structures remains challenging.>!8 In 2010, Mirkin and co-
workers devised a new methodology for the synthesis of concave cubic Au NCs where CTAC
was used as a surfactant to access the dimensions in the range of 40-270 nm and it was
anticipated that the presence of excess amounts of CI- was favouring the formation of concave
morphology.®?? It was not until 2013 when CCB Au NCs were synthesized for the first
time exhibiting interesting optical properties, i.e., three plasmon oscillation modes, which were
assigned as transverse edge mode (T1), transverse hybrid mode (T2), and longitudinal corner
mode (L3).2® This was shortly followed by few synthetic protocols to obtain decent yield of
CCB Au NCs. All the existing reports utilized Br™ ion containing surfactant as shape directing
agent (either as a stand-alone or in conjunction with another surfactant)*®?-2” which
contradicted earlier predictions that Br does not favour the concave structure formation.?>%

This might be the reason that caused the poor yield and dimension controllability in the existing
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reports to date and thereby limited the exploration of concave Au NCs in a wide application

range despite holding good promise.

Herein, we have investigated the role of CI" ions in the synthetic protocol devised in our lab to
generate Au CCB NCs. It was revealed that the presence of CI™ ions is indeed playing a
determining role despite the cationic counterpart of surfactant (BDAC and CPC here). Further,
it has been demonstrated that the presence of Br (replacing CTAC with CTAB) would not
favour the concave structure formation, which contradicts the earlier reports.?32>27
Additionally, we have also shined light on the evolution of such particles. Furthermore, Au
CCB NCs of varying sizes have been exploited for their electrocatalytic behaviour towards

formic acid oxidation.

2.2 Materials/Methods

Gold(lll)  chloride  trihydrate ~ (HAuUCls.3H20),  silver  nitrate  (AgNOs),
cetyltrimethylammonium bromide (CTAB), cetyltrimethylammonium chloride (CTAC),
cetylpyridinium chloride (CPC), benzyldimethylhexadecylammonium chloride (BDAC),
sodium borohydride (NaBH4) and tannic acid (TA) were purchased from Sigma-Aldrich.
Sodium hydroxide (NaOH; analytical reagent) was bought from Rankem. All chemicals were

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

Investigation of Growth Mechanism. The synthesis of Au NRs seed was performed following
the reported protocol.?® Excess surfactant (CTAB) was removed by performing centrifugation
(9000 rpm, 7 min) twice with Milli-Q water and finally redispersed in 0.1 M CTAC aqueous
solution. To investigate the role of the cationic part of surfactant, growth solution containing
appropriate amount of water (in order to make a total volume of 2 mL), NaOH (20 pL, 0.1 M),
HAUCI4 (0.25 mL, 4 mM), AgNOs (50 uL, 4 mM) and 100 uL seed were maintained with only
CTAC (1 mL, 0.2 M) being replaced by CPC (1 mL, 0.2 M) and BDAC (1 mL, 0.2 M)
individually, to maintain the HAuCls:surfactant ratio 1:200 in the growth solution. To study
the role of anionic part of the surfactant, CTAC was completely/partially (1/19 or 1/2 of CTAC)
replaced with CTAB. The evolution studies were done for the case, 100 uL seed and 50 pL
AgNO3, by extracting the aliquots from the growth solution at different time points, i.e., 10 s,
15 min, 30 min, 60 min, 120 min, 240 min, 360 min, and 24 h as the reaction progressed.
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Electrocatalytic Activity of CCB Au NCs. This experiment was performed as follows, CCB
Au NCs were washed twice with water by centrifugation and then loaded the amount of 85 ug
on a glassy carbon electrode; this electrode was used as working electrode. Graphite rod and
Ag/AgCI were used as counter and reference electrodes, respectively. Electrocatalysis of
formic acid (1 M) was performed in HSO4 (0.5 M) solution by applying the voltage scan rate
of 50 mVs™. Nitrogen gas purging was allowed throughout the experiment. The first two
measurement cycles were discarded to avoid the interference of absorbed gases in the solution.
Characterization. UV-vis spectra were recorded from Chemito SPECTRASCAN UV 2600.
Field-emission scanning electron microscopy (FE-SEM) images were captured through ZEISS
Ultra Plus and transmission electron microscopy (TEM) images were captured through TITAN
80-300 Image Cs corrector and Tecnai F30, both operated at 300 kV.

2.3 Results and Discussion

As all the previously reported synthetic protocols were carried out in the presence of Br
containing surfactant, we wanted to gain insights into the role of the halide counter anion in
the surfactant as well as the cationic part of it. Control experiments were performed in which
Br~ was deliberately introduced into the growth solution in the form of CTAB. CCB Au NCs
exhibit three characteristic SPR peaks; however, the UV-vis spectra of the Br- induced growth
solutions were starkly different from that of CCB Au NCs synthesized in the presence of CTAC
only (Figure 2.2a). It was found that such solutions consistently lead to irregularly shaped Au
NCs, thus affecting the morphology and the product yield when compared to only CTAC
(Figure 2.2b). Another remarkable observation was made when the same amount (5% or 19:1
of CTAC: CTAB) of Br- was added to the overgrowth solutions with varying concentrations
of seed. The disruption to the formation of the CCB structure was more marked as the
concentration of seed in the growth solution was decreased (Figure 2.1b-e). When the
overgrowth of NR was performed in a 1:1 ratio of CTAC and CTAB binary surfactant mixture,
it led to the formation of irregularly shaped bars with convex surfaces coming into prominence
as the concentration of seed was decreased (Figure 2.1g-j). The formation of convex surfaces
in the presence of Br~ containing surfactant has been observed earlier,*>?° and it shows clearly
that even in a 1:1 mixture, Br anions dictates the final morphology, aiding the creation of a

convex surface.
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Figure 2.1: (a) UV-vis spectra of CCB Au NCs synthesized with varying the amount of seed in the
growth solution as 200, 100, 50, 10 pL ina 19:1 CTAC:CTAB growth solution. (b-e) FE-SEM images
were captured for the corresponding samples; (f) UV-vis spectra of CCB Au NCs synthesized with
varying the amount of seed in the growth solution as 200, 100, 50, 10 uL ina 1:1 CTAC:CTAB growth
solution. (g-j) FE-SEM images were captured for the corresponding samples; the scale bar is 200 nm

for all.

To further test the role of CI ions, the overgrowth of NR was carried out in the presence of
other C16TAC analogues keeping the length of the hydrocarbon tail and counter-anion constant
and varying only the headgroup, (CPC and BDAC), in an otherwise identical reaction
condition. Though CCB Au NCs were obtained in decent yield, the concavity appeared to be
much less prominent and the corners were somewhat obtuse when compared to CCB Au NCs
from a CTAC assisted reaction (Figure 2.2a-d). Another interesting trend that comes to notice
is that an improvement in the yield, as well as morphology is observed in the 1:1 binary mixture
of a CI" containing surfactant (BDAC or CPC) and CTAC, thus underlying the importance of
CTAC vyet again in the generation of uniform CCBs and that CI° containing
surfactant is indispensable when it comes to the generation and stabilization of concave

surfaces (Figure 2.2f-h).

This may be attributed to various factors acting synergistically to generate and stabilize a
thermodynamically unfavourable site. The reduction potential of Au®* ion in the presence of
Cl ions (CTAC) is greater than that of Br ions (CTAB) which means that the rate of conversion
from Au®* to AuC is higher in the presence of CTAC than in the presence of CTAB. Thus, when
the atoms are supplied at a faster rate, the tendency of the atoms to migrate is considerably low.
However, a significantly reduced rate of atom production gives them enough time to migrate
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to other sites. This is how the experimental conditions related to reaction kinetics get affected
in the presence of the capping agents differing only in the anionic part.> Compiled with it is the
fact that the binding strength of CI- to Au surface closely resembles that of Ag surface. A
consequence of the above behaviour is that Cl” does not compete considerably with Ag for Au
surface. This boosts the underpotential deposition (UPD) of Ag on the Au surface, which is
extremely difficult to remove or rearrange, again paving the way for the incoming Au atoms to
be deposited along the free edges and corners. Br on the other hand by virtue of its greater
binding strength and affinity for Au surface not only competes with Ag for Au surface but also
destabilizes the Ag (UPD) layer resulting in a dynamic Ag layer, that is, increase the diffusion
rate of surface atoms.?? Therefore, as-deposited Au atoms along the edges and corners would
diffuse toward the faces, and this is why the addition of Br~ changes the morphology as well as
makes the concavity disappear. However, the existing literature on Au CCB NCs seems to
contradict this well-established theory. Thus, the CTA" backbone is also important but not
essential, observed from the experiments performed using CPC and BDAC to form the concave

structure.
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Figure 2.2: (a) UV-vis spectra recorded for the CCB Au NCs synthesized in the presence of various
CI" containing surfactants, CTAC, CPC, BDAC; and (b-d) FE-SEM images for the corresponding
samples respectively; (f) UV-vis spectra of CCBs synthesized in the presence of CTAC, 1:1 CTAC:CPC
and 1:1 CTAC:BDAC binary surfactant mixture. (e-h) FE-SEM images were captured for the

Debashree Roy, IISER Pune
32



CHAPTER 2

corresponding samples; the scale bar is 200 nm for all FE-SEM images. Below: Structure of the

v =

10s 15 min .
Evolution of CCB Au NCs from Au NRs \\

chloride-based surfactants.

Growth duration |y
——Au NRs
—10s

Extinction

Figure 2.3: (a) UV-vis spectra recorded at different time points from the addition of Au NRs seed, 10
s, 15, 30, and 60 min during the evolution of CCB Au NCs; Au NRs seed spectrum (purple color) is
included as a reference. (b) Schematic representation for the evolution of CCB Au NCs from Au NR
seed. (c-g) FE-SEM images showing the morphological evolution of nanoparticles from (c) rods (seed),
to (d) AH Au NRs, to (e) truncated CCB, to (f, g) CCB shape with an increase in time as few 10 s, 15,
30, and 60 min, respectively; scale bar is 100 nm for all. (h-I) TEM images corresponding to the FE-

SEM images right above; scale bar is 50 nm for all.

To study the morphological transformation of the CCBs from NRs, the evolution process was
monitored by UV-vis spectroscopy, FE-SEM and TEM measurements (Figure 2.3). For this,
aliquots were taken out from the growth solution at certain time intervals followed by
measuring the UV-vis spectra of the sample (Figure 2.3a). Figure 2.3b shows our proposed
models illustrating the evolution from NR to CCB Au NCs; and FE-SEM (Figure 2.3c-g) and
TEM (Figure 2.3h-l) images of the NRs (seed) and intermediates sampled at 10 s, 15, 30, and
60 min, respectively. Au NRs are proposed to be single crystalline- enclosed with, {100},
{110}, and {111} planes (Figure 2.3b) with their associated energy order being {110} > {100}
> {111}.%° Therefore, the presence of the higher energy surfaces and low packing density of
CTAC at the Au NR ends facilitate the relatively more deposition of Au® at ends rather than
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lateral facets. In addition to this, growth/deposition rate is very high at the initial stage, owing
to the presence of a higher concentration of AuCls™ and smaller size of seed (Au NRs) in the
growth solution during which the less stable surfaces grow out very rapidly leading to their
disappearance. The first aliquot was taken out from the solution after few seconds (10 s) of the
Au NRs seed addition; the LSPR and TSPR bands in the UV-vis spectra (Figure 2.3a) were
red-shifted, indicating the increment in length (with sharp ends) and breadth due to the
transformation of cylindrical Au NRs into arrow-headed (AH) Au NRs (Figure 2.3d). The ends
of AH Au NRs enclosed with {111} planes that resulted from the preferential growth of {110}
and {100} planes on the ends of cylindrical Au NRs (Figure 2.3b).3 After 15 min, the UV-vis
spectra showed the splitting of the TSPR band (Figure 2.3a) into two, that is, edge (T1) and
hybrid (T2; edge + corner) modes, a signature of surface indentation or protrusion of lateral
edges.? This is complimented by the FE-SEM/TEM images (Figure 2.3e and j), which shows
structures that can be called as truncated CCB Au NCs structures with surface concavity. These
intermediates consisting of planes at truncated region (Figure 2.3b), seem to result from further
deposition of Au® on planes of ends and, lateral edges of AH Au NRs. Complete formation of
CCB Au NCs was noticed after 30 min. This morphology remained intact with only the
sharpening of the corners as the reaction progressed until 24 h. By the time the reaction
progressed to 30 min, due to considerable consumption of the AuCly™ in the initial stages of the
reaction, the growth had slowed down. In the latter stages no significant change in morphology

was observed.
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Figure 2.4: (a) UV-vis spectra of Au NCs synthesized in the presence of ascorbic acid (AA). (b)

Corresponding FE-SEM image showing cuboids with concave faces; scale bar is 200 nm.

It was shown in the earlier report that at higher growth rate (by increasing the ratio of AA/Au®*
or Au**/CTAB) or presence of Ag/Au®* > 1:2 (at AA/Au** = 10:1 and 0.1 M CTAB) Au NRs

transform into AH Au NRs whereas at lower growth rate or Ag/Au®" < 1:2 led to bowtie like
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nanostructures.! Based on an earlier report we anticipate that at the initial stage of growth (<10
s; the growth rate is very high) silver assisted the evolution of seed via electroless co-deposition
and generated arrow-headed intermediate whereas on the later stages (>15 min; lower growth
rate) it acted through UPD and led to truncated and then CCB structures.®2

When it comes to a mild reducing agent in Au NPs synthesis, AA has been the front runner,
however, the narrow pH window of its operation is becoming a detrimental factor.®® In our
earlier work,?® we have successfully implemented TA for the synthesis of convex Au NCs with
HIF (elongated tetrahexahedra, ETHH). In this work, we have duly used TA for the dimension-
controlled synthesis of CCB Au NCs. As a matter of fact, synthesis carried out in the presence
of AA resulted in CCB Au NCs with poor morphological yield, wherein, the concavity was
restricted only to the faces and not edges, reflected in the UV-vis spectra as well where two
instead of three characteristic SPR peaks were observed (Figure 2.4). Thus, TA appears to be

amore robust alternative to AA for the seed-mediated synthesis of various anisotropic Au NCs.
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Figure 2.5: (a) CV traces recorded for CCB Au NCs with different sizes in the presence of 0.5 M
H>SO4. (b) CV traces for the oxidation of 1 M HCOOH by CCB Au NCs with different sizes. (c) Plot

of maximum current density vs length of CCB Au NCs showing a linear relationship.

Since cyclic-voltammetry (CV) can be used to assess the various surface structures of metal
nanoparticles as shown recently for the high-index faceted Au NCs,**>?° CV traces for CCB Au
NCs with different sizes were recorded in 0.5 M H2SO4 solution (Figure 2.5a). CV traces of
the CCB Au NCs exhibited an oxidation peak around 1.4 V with a prominent reduction peak
around 1.18 V in line with earlier observations, where other Au NCs bound by high-index
facets were studied > 2* 3 indicating that the surface atoms of nanostructures are easier to
oxidize. Also, the current value consistently decreased with increasing the size (Figure 2.5a).

Further, to check the chemical activity of surface atoms of the as-synthesized CCB Au NCs,
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different concave particles were tested for their electrocatalytic oxidation of Formic acid
(HCOOH) by CV. CV traces of CCB Au NCs with different sizes exhibited an oxidation peak
at 1.3 <V < 1.7, which showed that single formate was the active intermediate via which the
oxidation took place (Figure 2.5b). This oxidation peak comprises of direct formate electro-
oxidation and Au surface oxidation.® Additionally, the peak current density value decreased
with increasing the size of CCB Au NCs, showing a close to linear relationship similar to those
observed in the case of ETHH Au NCs? (Figure 2.5c). Thus, the CI- directed overgrowth of
Au NRs gives rise to CCB Au NCs with precise control over dimension, resulting in

controllable electro-catalytic activity.
2.4 Summary and Conclusions

We have successfully shown how CI plays a determining role in the formation of CCB Au
NCs rather than the headgroup of counter cationic part of the surfactant (BDAC and CPC). In
addition, it has also been proven that Br- does not favour the formation of concave morphology
by partially or completely replacing the CTAC with CTAB in the growth media under similar
experimental conditions. Therefore, we predict that the absence of size tunability and decent
yield of CCB Au NCs in the existing reports may be due to the utilization of Br containing
surfactants. Moreover, isolation of the two prominent intermediates, arrow-headed and
truncated CCB, throws some light on the mechanistic pathway followed. Finally, such well-
defined CCB Au NCs with desired dimensions provided access to the controllable and
reproducible electro-catalytic activity.
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3.1 Introduction

Over the past two decades, seed-mediated growth of noble metal nanocrystals (NCs) have
emerged as an elegant wet chemical synthetic procedure producing myriads of nanostructures
with highly controllable dimensions.!® One of the essential chemical additives in the seed-
mediated synthesis of Au NCs is AgNOs (Ag"), widely regarded as a shape directing agent,
regulating the structural evolution of Au NCs.®% Recent studies have shown a correlation of
the concentration of Ag* with the shape and index of the facets of Au NCs.'*'? Several
other studies have attributed the shape directing effect to an under potential deposition (UPD)
of Ag onto the surface of the Au nanoparticles.’**® It has also been outlined how
AgNOs controls the size of NCs at which an isotropic structure breaks the symmetry and
anisotropic growth begins, again from the perspective of the concentration of AgNO3."®
Furthermore, increasing the concentration of AgNOz in the growth solution has been observed
to increase the aspect ratio (AR) of Au nanorods (NRs), which is perhaps the most widely
studied anisotropic Au NC system.?17 In the latter study,!’ the timing of Ag* addition was used
as a tool to underpin the stage, where symmetry breaking begins and the critical size of the
NCs is associated with the event, not specifically to tune the ARs of the resultant NCs.
Herein, we present for the first time, the critical role of timing of Ag*™ addition into the growth
solution leading to Au NCs with varying ARs, while keeping the amount of Ag" (also
other reagents) same. Specifically, we have studied the effect of delaying the addition of
AgNO:s in the overgrowth of Au NRs in the presence of cetyltrimethylammonium chloride
(CTAOQ).

We illustrate that Au NCs with tunable ARs can be generated in one system simply by
regulating the time of addition of Ag® in the growth solution. A concomitant decrease in the
ARs of the concave cuboid (CCB) Au NCs with delay in the time of addition of AgNO3 to the
growth solution was observed with the formation of the concave cube (CC, AR = 1) Au NCs
instead of CCB Au NCs upon delayed addition of Ag*. We further demonstrated the generality
of this method by successfully preparing tetrahexahedra (THH, AR = 1) Au NCs in place of
elongated tetrahexahedra (ETHH) Au NCs upon timed addition of AgNO3z during overgrowth
of Au NRs in the presence of cetyltrimethylammonium bromide (CTAB). Notably, till now,
spherical Au NCs have been used as seeds to generate the isotropic high-index faceted CC and

THH Au NCs. Thus, apart from providing new mechanistic insights, a major highlight of the
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current work is the generation of isotropic CC and THH Au NCs from anisotropic Au NR
seeds-a hitherto unreported finding in the field.82° Surface enhanced Raman scattering (SERS)
studies carried out on the resultant Au NCs on the two extreme spectra of the current
study, viz, CCB and CC Au NCs exhibit significantly enhanced SERS performance in the order
of 10° for Nile blue (NB) used as the probe molecule. SERS efficiency for the abovementioned
Au NCs used as substrates varied only marginally, with CC Au NCs exhibiting a better
efficiency than CCB Au NCs.

3.2 Materials/Methods

Gold(Il) chloride trihydrate (HAuCls-3H20), silver nitrate (AgNO3z), CTAB, CTAC, TA and
sodium borohydride (NaBH4) were purchased from Sigma-Aldrich. Sodium hydroxide (NaOH;
analytical reagent) was bought from Rankem. All chemicals were used as received. Milli-Q

water (18.2 MQ-cm) was used for all experiments.

Synthesis of CCB and CC Au NCs. Briefly, growth solution was first prepared by the addition
of I mL of 0.2 M CTAC, 20 uL of 100 mM NaOH, 250 puL of 4 mM HAuCls, and 10 pL 100
mM TA followed by the addition of 50 pL. of Au NR seeds to initiate the reaction. The solution
was gently mixed, and 50 uL of 4 mM AgNO3 was added at time intervals of 1.5, 5, 15, and
30 min from the addition of the seed (which signals the initiation of the reaction) to four
different growth solutions and allowed to grow for ~4 h at room temperature. A control
experiment was also performed alongside where Ag™ was added into the growth solution before
the addition of the seed particles (referred to as 0 min sample, cf. Scheme 1).

Synthesis of ETHH and THH Au NCs. To synthesize Au ETHH NCs of varied ARs, identical
synthetic conditions were maintained except for the substitution of CTAC with CTAB and
delaying the addition of AgNO3 to 1.5, 5, 10, 15, 30, 60, and 90 min as well as performing a
control experiment (referred to as 0 min sample) and allowed to grow for ~12 h at room

temperature.

SERS Measurements. SERS measurements were carried out using a HoribaJobinYvon
LabRAM HR with a 50x objective lens. The excitation wavelength for all the SERS
experiments was 633 nm. The excitation was maintained at 0.01% of the maximum power, and
the accumulation time for each spectrum was 5 s. 50 puLL of an aqueous dispersion of Au NCs

obtained after repetitive centrifugation was treated with 50 uL of Nile Blue (NB) (10 uM, in
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ethanol) and kept in incubation overnight. The resultant concentration of NB was 5 uM.
Subsequently, the samples were drop-cast on glass slides and dried under an incandescent lamp

(200 W) for 30 min. Raman spectra were recorded for these samples along with NB (10 mM).

Characterization. UV-vis spectra were recorded from Chemito SPECTRASCAN UV 2600.
FE-SEM images were captured through ZEISS Ultra Plus, and TEM images were captured
using a JEOL JEM- 2200FS instruments. Average length, width, and ARs of Au NCs of
varying sizes were determined using ImageJ software. Additionally, detailed TEM studies were
performed using monochromatic TITAN Themis operated at 300 kV (energy resolution ~ 0.3
eV at 300 kV) equipped with a CEOS probe corrector for Cs aberration-corrected STEM at
AFMM, I1Sc Bangalore, and at Radiological Processing Lab, at Pacific Northwest National
laboratory (PNNL) using a JEOL grandARM 300 CF scanning transmission electron
microscope operated at 300 kV (63 pm spatial resolution) equipped with dual JEOL Centurio
energy-dispersive X-ray spectrometers. The XPS data were collected using Thermo Fisher
Scientific ESCALAB Xi+. Powder X-ray diffraction (PXRD) patterns were recorded at room
temperature from a Bruker D8 ADVANCE diffractometer using Cu Ka radiation (A = 1.5406
A). Raman spectra (hexc = 633 nm) were recorded at a Raman microscope (LabRAM HR,

HoribaJobinYvon) with a 50x objective lens.
3.3 Results and Discussion

CCB Au NCs of different ARs were synthesized by the seed-mediated method.?! It is worth
mentioning that concentrations of all the precursors (HAuCls, CTAC, NaOH, tannic acid (TA),
Au NR seed, and AgNOg) are kept identical in each of the systems, the only variable being the
time of addition of AgNOz. UV-vis spectra of the Au NCs recorded upon addition of the same
amount of AgNO:s at different time intervals during the overgrowth of Au NRs in the presence
of CTAC are shown in Figure 3.1a. The extinction spectrum (purple) of CCB Au NCs is
characterized by three distinct surface plasmon resonance (SPR) peaks®? with the longitudinal
SPR (LSPR) centered at 751 nm, T2 transverse SPR (TSPR) peak at 653 nm, and T1 TSPR at
563 nm.

Noticeably, upon gradual delay in addition of Ag®, a continuous blue shift of LSPR peaks
finally merging into a single peak centered at 580 nm (red) was indicated the formation of

isotropic Au NCs. Figure 3.1c-g demonstrates the final products obtained in the overgrowth of
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Au NRs in the presence of CTAC on introducing Ag™ at different time intervals and a shape
yield >90% can be observed. As the delay in introducing Ag* increased, the final products
become shortened along the long axis with a simultaneous decrease in the AR. When Ag" is
introduced into the growth solution 30 min after the initiation of the reaction, isotropic concave
cube-shaped products with the AR of 1.0 = 0.1 are formed (Figure 3.1g). If the introduction of
Ag" into the growth solution is further delayed, irregular-shaped products are formed. TEM
images of individual CCB and CC Au NCs provided in Figure 3.1 insets supported the
respective UV-vis and FE-SEM data.
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Figure 3.1: (a) UV-vis spectra of Au NRs overgrown in the presence of CTAC under delayed addition
of Ag" in growth solution leading to a gradual blue shift of the spectra as indicated by the arrow. FE-
SEM images of (b) Au NRs used as seeds and (b-f) the final products obtained at different
delayed addition of Ag* in the overgrowth of Au NRs in the presence of CTAC as 0 min (CCB control),
1.5, 5, 15 and 30 min respectively. Scale bar is 200 nm for all. Inset (b-g): corresponding TEM images;
scale bar is 20 nm.

Field-emission scanning electron microscopy (FE-SEM) and transmission electron microscopy
(TEM) images showed the monodispersity of the resulting Au CCB NCs (Figure 3.2b, ¢) when
AgNO3z was added before the initiation of the reaction as outlined schematically in Figure 3.2a.
The selected area electron diffraction (SAED) pattern on individual NCs reveals that each NC
is single crystalline (Figure 3.2d). Additionally, the high-resolution transmission electron
microscopy (HRTEM) images reveal the high index facet and curvature associated with such
morphology (Figure 3.2e, f). The high-angle annular dark-field scanning transmission electron

microscopy (HAADF-STEM) and the corresponding energy-dispersive X-ray spectroscopy
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(EDXS) elemental mapping analysis display a complete overlap of Au (green) and Ag (red)
elements (Figure 3.2g-j).
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NaOH i) Tannic Acid 1\
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4 —
CrAc = (AR= 2)
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Figure 3.2: (a) Schematic illustration for the synthesis of Au CCB NCs (AR = 2). (b) FE-SEM image;
(c) TEM image; (d) SAED pattern (inset: TEM image of an individual Au CCB NC, scale bar is 20
nm); (e,f) HRTEM image (scale bar is 5 nm for all); and (g-j) HAADF-STEM images of Au CCB NCs
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in different orientations and the corresponding EDXS elemental mapping of Au (green), Ag (red), and
overlay (scale bar is 50 nm for all).
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Figure 3.3: (a) Schematic illustration for the synthesis of Au CC NCs (AR = 1). (b) FE-SEM image;
(c) TEM image; (d) SAED pattern (inset: TEM image of an individual Au CC NC, scale bar is 20 nm);
(e,f) HRTEM image (scale bar is 5 nm for all); and (g-j) HAADF-STEM images of Au CC NCs in
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different orientations and the corresponding EDXS elemental mapping of Au (blue), Ag (green), and
overlay (scale bar is 50 nm for all).

On the other hand, when AgNO3 was introduced 30 min after the initiation of the reaction,
schematically displayed in Figure 3.3a, the FE-SEM and transmission electron microscopy
(TEM) images reveal that the resultant Au NCs show a visibly reduced AR (Figure 3.3b, c).
From the SAED pattern (Figure 3.3d), it can be noted that the Au CC NCs are single crystalline,
corroborated by the HRTEM images (Figure 3.3e, f). The HAADF-STEM image and the
corresponding EDXS elemental mapping analysis show the uniform distribution of Au (blue)

and Ag (green) (Figure 3.39-}).

One interesting observation apart from the formation of CC Au NCs from Au NR seeds due to
the delayed introduction of Ag® is that the volume of the CCB Au NCs (AR = 2.1 £ 0.2) and
that of CC Au NCs (AR = 1.0 £ 0.1) remain comparable (Table 3.1). This observation hints at
the similar conversion yield of gold, which is not disrupted by the time of addition of Ag*. This
is reasonable considering the fact that the ratio of gold salt to number of seed particles remain
the same for all the systems, and hence, a decrease in length is bound to be accompanied by an
increase in the width, while maintaining a comparable volume for the Au NCs with different
ARs. Table 3.1 summarizes the dimensions, ARs, and LSPR peak maxima of the Au NCs

produced by varying the addition time of Ag™.

Table 3.1: Aspect Ratios (ARs) and LSPR peak positions of various Au NCs obtained with
varying the time of addition of AgNO3 in the overgrowth of Au NRs in the presence of CTAC.

Length (L) Width (W) Aspect Ratio (AR) Longitudinal
Time of Ag addition (nm) (nm) (L/w) LSPR (nm)
0 min 111.8+8 546+5 2.1+0.2 751
1.5 min 1045+ 8 52.4+5 2.0+£0.2 720
5 min 100.8+8 546+5 1.8+0.2 652
15 min 85.1+7 579+4 1.4+0.2 613
30 min 67.6+5 65.5+4 1.0+0.1 580

To understand the mechanism involved in the present observations, aliquots were withdrawn
from the growth solutions just before the addition of AgNOs at different times (5, 15, and 30

min) following the initiation of the growth and monitored by UV-vis spectroscopy and FE-
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SEM analysis (Figure 3.4). The UV-vis spectra exhibit a single plasmon peak complementing
the corresponding field-emission electron microscopy (FE-SEM) image showing the presence
of octahedral (Oct) Au NCs. Drawing upon wider literature on the crystal structure of Au NRs,®
we assume that in the absence of Ag", the unstable {110} planes present at the endcaps grow
out more quickly, leading them to disappear while simultaneously resulting in the enlargement
of the 4 {111} planes of the endcap. The reasonable outcome of which is the formation of the
apex bound by four {111} planes. Thus, to reduce the surface energy, a thermodynamically
driven process ensues in the evolution of Au NRs to Au Oct in the absence of Ag*. The
evolution of Au NRs to Au Oct NCs has been observed by various research groups, where the
apparently different mechanisms seem to be bound by the difference in growth rates and the

minimization of surface energy.®%
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Figure 3.4: (a) UV-vis spectra of Au NRs overgrown in the absence of Ag* (grey) for 5 min and the
final product obtained after the introduction of Ag* 5 min after the initiation of growth (dark yellow);
(b,c) corresponding FE-SEM images respectively. (d) UV-vis spectra of Au NRs overgrown in the
absence of Ag* (grey) for 15 min and the final product obtained after the introduction of Ag* 15 min
after the initiation of growth (orange); (e,f) corresponding FE-SEM images respectively. (g) UV-vis
spectra of Au NRs overgrown in the absence of Ag* (grey) for 30 min and the final product obtained
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after the introduction of Ag* 30 min after the initiation of growth (red); (h,i) corresponding FE-SEM

images respectively. Scale bar is 100 nm for all. (j) Schematic outlining the transformation of Au NR
to Au Oct NCs in the absence of Ag*, followed by transformation to Au CCB or CC NC.

\ u :

Figure 3.5: TEM images of the morphological evolution of nanoparticles from (a) NR (seeds) to (b)
octahedra in the absence of Ag* followed by (c) elongation of the octahedral along the corners, 10 min
after the addition of Ag* to truncated octahedral (d) to result in cuboctahedra 30 min after the addition
of Ag"* to finally result in either (e, f) CCB with reduced ARs or (g) concave cube as the final product.

Scale bar is 50 nm for all.

To address how the shape transformation from the Au Oct NCs to the final Au CCB or CC
NCs took place, TEM analysis of the aliquots were withdrawn at different time intervals after
the addition of Ag™ into the growth solution (Figure 3.5). From aliquots drawn 10 and 30 min
after the addition of Ag™, the observable shape evolution includes initial elongation along the
vertex followed by truncations along the corners to a cuboctahedron-like intermediate. These
observations hint at the creation of new surfaces along the corners of the Au Oct NCs, which
are then stabilized by Ag* present in the solution by virtue of being a more open surface
structure. This allows the {111} planes present in the Au Oct NC to grow, resulting in the
elongation of the newly created surface to generate the cuboctahedron-like intermediate. The
stabilization and restriction of growth of open surfaces in the presence of Ag* thus controls the

transformation of the Au Oct NCs. As the silver to gold ratio in the reaction mixture determines
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the relative growth rate of {100} to {111},%4% the introduction of Ag* at a later part of the
reaction thus tilts the growth direction in favour of {111}, resulting in the gradual
transformation from a thermodynamically favoured shape with low-index facets, {111}-
faceted Oct Au NCs (having a growth rate along [100] greater than [111]), to a kinetic product
(with growth rate along [111] greater than [100]) such as the high-index faceted CCB and CC
Au NCs. While the [AgNO3]/ [HAuClI.] ratio controls the growth rate, the length of the final
products depends solely on the available amount of Au* left in the solution to be reduced. As
the introduction of Ag* is delayed, the growth rate along [100] dominates in the absence of
silver, leading to the formation of Au Oct NCs with progressively increasing dimensions. Thus,
when the addition of Ag™ is gradually delayed into the reaction mixture, there is a progressive
decrease in Au* for reduction. However, with the high silver to gold ratio now, the growth rate
along [111] leads to the transformation of the Au Oct NCs to CCB Au NCs with reduced ARs
or CC Au NCs, thereby illustrating how the AR tuning takes place.
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Figure 3.6: (a-d) Schematic of the transformation of Au NRs to Au CCB NCs when Ag™ is introduced
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early into the growth solution (0 and 1.5 min); (a, e) schematic representation of the transformation of
Au NRs to Au Oct NCs in the absence of Ag*; and (e-i) subsequent transformation to CCB Au NCs
with reduced ARs or CC Au NC via different intermediates.

Based on this proposed mechanism, we have outlined a schematic describing the

transformation to the final morphology (Figure 3.6). This mechanism of transformation from
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Au Oct to CCB Au NCs with reduced ARs or CC Au NCs complements well the transformation
of Au NRs to CCB Au NC reported in our earlier work.?! When Ag" is introduced early into
the growth solution (0 or 1.5 min), it is able to stabilize the more open {110} lateral facets of
the Au NR, while the low packing density due to the curvature at the ends leads to the
deposition of Au® resulting in the {111} facets growing at the expense of {110} facets to
generate the arrow-headed (AH) intermediate. This intermediate maybe considered as
elongated Oct Au NC. The subsequent transformation of the AH intermediate to the truncated
CCB Au NCs is analogous to the conversion of the Au Oct NC to the cuboctahedron-like
intermediate. This goes on to explain the AR of the final Au NC morphology (Figure 3.6a-d).

Amount of AgNO, added (uL)
& —25/0 min

e 35 /1.5 min
s 75 /5 Min
s 100/15 min
= 125/30 min
U

Extinction (normalized) Q)

Figure 3.7: (a) UV-vis spectra of Au NRs overgrown in the presence of CTAC under delayed addition
of excess Ag* in growth solution leading to a gradual blue shift of the spectra. (b-f) FE-SEM images of
final products obtained at different delayed addition of excess Ag* as 25, 35, 75, 100, 125 uL in the

overgrowth of Au NRs in the presence of CTAC as 0 min (CCB control), 1.5, 5, 15, and 30 min
respectively. Scale bar is 200 nm for all.

To further highlight the critical role of Ag* addition time in the ARs of the resultant Au NC
morphology, control experiments were contrived, where the amount of Ag* introduced into the
growth solution was increased proportionately with the delay in addition. It was observed from

the FE-SEM images that introducing higher amounts of Ag* to compensate for its delayed
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addition gradually resulted in the formation of platelike morphology along with Au Oct NCs
(Figure 3.7). The formation of {111}-faceted Au Oct and platelike morphology is due to the
ability of {111} facets to support the densest Ag coverage, which makes the stabilization
of such planes at high Ag* concentration highly favourable. Thus, when high Ag* is introduced
into the growth solution, Ag UPD stabilizes the {111} facets resulting in the observed
morphologies. These data provide evidence that delaying the addition of Ag* into the growth

solution cannot be counterbalanced by adding excess amounts of Ag*.

Additionally, because the same amount of Ag* at different time intervals was added to the
respective growth solutions, X-ray photoelectron spectroscopy (XPS), a surface-sensitive
quantification technique, was used to determine the distribution of Ag present in the resultant
Au NCs. Following a reported method for determining the ratio of Ag/Au for the Au NCs from
XPS data,* we observe, in accordance with the literature, that higher energy surface facets are
indeed stabilized by a higher Ag coverage (Figure 3.8). The Ag/Au ratio for the high-index
faceted Au CCB and CC NCs was markedly higher than that of Au NRs used as seeds and
matched well with the reported data. It can thus be inferred that Ag UPD stabilized the resulting
Au NCs bound by high-index facets. The addition time of Ag*, notwithstanding, the final Au
NC morphologies are a product of Ag UPD. The lowering of the Ag/Au ratio with the lowering
of ARs can be attributed to the gradual decrease of the edge dimensions of the resultant Au
NCs.
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Figure 3.8: (a, b) Representative Au 4f and Ag 3d XPS spectra (0 min sample). (¢) Ag/Au ratio
extracted from XPS spectra for the final Au NC morphologies obtained by delaying the addition of Ag*

into the growth solution along with Au NRs used as seeds.

In order to validate that the findings are not exclusive to Au CCB, we have successfully
extended the study to the convex counterpart of CCB-ETHH (refer to Materials/Method
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for details).? Compared to CCB Au NCs, ETHH Au NCs exhibit a slower growth kinetics. To
study the effect, thus, the delay in the addition of Ag® to the growth solution was
extended till 90 min. As was expected, the variation of the AR with the delay in adding Ag* to
the growth solution of ETHH Au NCs was consistent to what was observed earlier for the case
of CCB Au NCs. Similar trends are apparent in the continuous blue shift of the longitudinal
LSPR of ETHH Au NCs in their UV-vis spectra (Figure 3.9). Thus, the LSPR at
732 nm finally culminates into a single SPR peak centered at 576 nm, with the delayed addition
of Ag", indicative of the decreasing AR (Figure 3.9). The corresponding FE-SEM images
(Figure 3.9c-j) display a progressive decrease along the length of the ETHH Au NCs, which is
reflected in the decreased AR to finally result in THH Au NCs, agreeing well
with the UV-vis data. TEM analysis-supported UV-vis and FE-SEM data and respective TEM
images of individual ETHH and THH Au NCs are provided in Figure 3.9 insets.
Additionally, Table 3.2 summarizes the statistical data of the products synthesized by varying
the time of addition of Ag* in the growth solution of ETHH Au NCs.

o ——0 min (ETHH)

Y]
g
=}

1.5 min
5 min

=10 min
w15 min
~——30 min

\\ ——60min
=90 min (THH)

500 600 700 800 900 1000 1100
Wavelength (nm)

Extinction (normalized)

Figure 3.9: (a) UV-vis spectra of Au NRs overgrown in the presence of CTAB under delayed addition
of Ag* in growth solution leading to a gradual blue shift of the spectra as indicated by the arrow. FE-
SEM images of (b) Au NRs used as seeds and (c-j) the final products obtained at different
delayed addition of Ag™ in the overgrowth of Au NRs in the presence of CTAB as 0 min (ETHH
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control), 1.5 min, 5, 10, 15, 30, 60 and 90 min respectively. Scale bar is 200 nm for all. Inset
(c, J): TEM images of ETHH and THH respectively; scale bar is 20 nm. (k) Schematic

representation outlining the structure of Au NR and the subsequent effect of timed addition of Ag*.

Table 3.2: Aspect Ratios (ARs) and LSPR peak positions of various Au NCs obtained with
varying the time of addition of AgNOQz in the overgrowth of Au NRs in the presence of CTAB.

Length (L) Width (W) Aspect Ratio (AR) Longitudinal
Time of Ag addition (nm) (nm) (L/W) LSPR (nm)
Control 100.9+4.8 39.6+4.4 2.6+0.1 716
1.5 min 94.3+6.7 38.2+4.3 25+04 690
5 min 83.2+73 33.8+5.1 24+04 660
10 min 829+73 343+3.2 2.4+0.3 646
15 min 78.3+9.6 35.3+4.4 2.2+04 633
30 min 88.2+4.2 57.7+7.2 1.5+0.2 589
60 min 59.4+7.4 49.0+6.2 1.2+0.2 583
90 min 74.4+4.8 69.1+6.5 1.1+0.1 579

These findings thus emphasize the importance of timing of the addition of Ag* to the growth

solution of Au NCs to tune their ARs. The plot shown in Figure 3.10 clearly shows how the

change in the AR occurs with the time of addition of Ag* for both the Au NC systems and the

gradual lowering of ARs with delayed addition of Ag® is evident. Because ARs of Au

NCs are an important parameter controlling their optical property, this route helps to precisely

tune them, while maintaining the uniformity and high yield of the products.
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Figure 3.10: Plot of aspect ratio vs time of addition of Ag” in the growth solution since the
initiation of reaction for (a) CCB Au NCs and (b) ETHH Au NCs.
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The Au NCs obtained by varying the time of addition of Ag™* in the growth solution, viz, Au
CCB NCs (AR =2) and Au CC NCs (AR = 1), were further exploited as the SERS substrate
due to the presence of high-index facets, sharp corners, and edges, which can significantly
enhance the magnetic field in these areas. 2’ To realize the same, Nile Blue dye was used as the
probe molecule. The comparative Raman spectra shown in Figure 3.11 exhibit a prominent
peak at ~594 cm™* (marked with asterisks) ascribed to C-C-C and C-N-C deformations,?® used
to estimate the signal enhancement. The analytical enhancement factors (AEFs) of NB on CCB
and CC Au NCs were calculated to be 3.79 x 10° and 4.24 x 10°, respectively, with 633 nm
excitation (refer to Table 3.3 for quantitative analysis). The electromagnetic mechanism was
predominantly responsible for the large AEF values, and the enhanced signals can be attributed
to the generation of a higher number of hotspots near the sharp particle tips and curvature

associated with both the morphologies.?®

Intensity/ a.u.

*

400 500 600 700 800 900 1000
Raman shift/ cm™

Figure 3.11: Raman spectra of NB (blue) and of NB on CCB (purple) and CC (red) Au NCs.
Enhancement factors have been estimated with respect to peak ~594 cm™ denoted by asterisks; inset:

molecular scheme of NB.

Table 3.3: Quantitative analysis and calculation of AEF of NB on Au NCs of varying ARs.

Sample | lseps 0f 594 | Copps Irs Crs | lsers/Irs AEF=
cmt (M) (NB) (M) Isers/Irs™ Crs/Csers
CCB 4.059x10° | 5x10° | 2141 102 | 189.58 3.79x10°
CcC 4.539x10°> | 5x10° | 2141 102 | 212.00 4.24x10°
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Crs is the concentration of the probe molecule producing Raman signal Irs under non-SERS
conditions, and Csers iS the concentration of the same probe molecule on a SERS substrate at

a different concentration giving SERS signal Isers under similar experimental conditions.*
3.4 Summary and Conclusions

In summary, we have shown how the timing of the addition of Ag™ to the growth solution is a
key factor in controlling the ARs of Au NCs apart from the concentration of Ag*. Starting with
identical precursor concentrations, Au NCs with widely tunable ARs could be achieved simply
by varying the time of addition of identical concentrations of Ag*. In doing so, we have also
shown the generation of isotropic CC Au NCs and THH Au NCs from anisotropic Au NRs
used as seeds in the presence of CTAC and CTAB, respectively, a remarkable observation in
the field. A detailed study of the growth process, before and after the addition of Ag™, has been
implemented, where we proposed that the difference in the AR of the resultant Au NCs was
not due to the different intermediates from which they were growing, rather, it depended on
the Au ion available in the solution for reduction. The introduction of Ag" modulated the Ag/Au
ratio, thereby controlling the growth direction and thus the final morphology. Moreover, we
have verified that the delay in adding Ag™ into the growth solution cannot be compensated by
introducing excess Ag*. While reinforcing the principles of the seed-mediated growth method
in practice, the current work also puts forward a new mechanistic understanding to explain how
the same concentration of Ag* can be used to tune the ARs of Au NCs. We have demonstrated
the findings on two Au NC systems (CCB to CC and ETHH to THH) as a proof of the generality
of our concept, and we expect that the same knowledge will provide the rational basis for
further work to be done in the field. Additionally, Au NCs with different ARs, generated
because of the delayed Ag™ addition in the growth solution, having sharp edges and corners
bound by high-index facets giving rise to large hotspots, are promising SERS substrates as

evidenced from the enhancement factor (~10°).
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4.1 Introduction

The size-, shape-, and composition-dependent physicochemical properties of bimetallic
nanocrystals (NCs) have shown great potential in recent years.’® This has led to extensive
research to engineer bimetallic NCs with tailor-made properties for various applications.®1°
Part of this interest arises from the superior properties over their monometallic counterparts
resulting in diversified hybrid materials.***? To this end, a wide range of bimetallic NCs have
been reported via different synthetic routes, namely, co-reduction, thermal decomposition,
seed-mediated growth, and galvanic replacement, as summarized in detail by Xia and co-
workers.'* Among the abovementioned synthetic routes, seed-mediated methodology, initially
reported by Murphy and co-workers for the synthesis of monometallic Au nanorods (NRs) and
later extended to bimetallic systems by Xia and co-workers, remains one of the
popular routes for the synthesis of bimetallic nanostructures.!**® The seed-mediated route
offers size control by either preserving the initial seed morphology or transforming to a
different morphology besides precise control of shell thickness, giving rise to core-shell,

dendritic, and heterostructured NCs.

Compared to other bimetallic core-shell NCs, Au@Pt systems offer the amalgamation of the
plasmonic properties of the core (Au) with the catalytic properties of the shell (Pt), resulting in
improved catalytic activity and stability compared to the monometallic counterparts, along with
the tunability of the optical properties.!®? To realize these advantages, the versatile seed-
mediated method has been employed to generate simpler bimetallic structures using spherical,
rod, cube, octahedral, prism, and star-shaped Au NCs as the core.?5% In recent years, Au NCs
with high-index facets (HIFs), viz., high density of undercoordinated atoms on the surface, at
steps and kinks, were realized as potential seeds for the subsequent deposition of Pt via the
seed-mediated growth method. This has resulted in Au@Pt core-shell concave cube, concave
cuboid (CCB), and hexoctahedral and tetrahexahedral NCs.31** While the seed-mediated
method is a facile route for the precise generation of bimetallic Au@Pt nanostructures,
it is, however, always accompanied by tedious multi-step processes. Reducing the time
involved in one of these multistep processes offers a promising step in that direction. Also, the
mechanistic understanding in view of the role of Ag in the seed-mediated deposition of Pt on

Au NCs is intriguing.
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In the present study, systematic investigation of the key chemical parameters revealed that the
concentration of AgNOs was an important knob regulating the extent of Pt deposition on Au
NCs. While the literature is replete with instances of Ag-assisted Pt deposition where Ag is
reported to either direct the preferential site for Pt deposition or simply act as a template for
galvanic replacement with Pt,3!*473¢ we however find in the present study that the absence or
higher amounts of Ag" retarded the deposition of Pt. It is worth to mention that in all these
cases, the addition of Ag* and Pt precursors was decoupled from one another in the seed-
mediated growth method. Although Pt deposition on Au NCs, both in the absence and presence
of Ag*,3333738 is well documented, in our work, the effective deposition could be facilitated
only in an optimum range of Ag*. We anticipate that at lower amounts of Ag*, facile galvanic
replacement reaction (GRR) of Ag by Pt leads to a substantial deposition. At higher amounts
of Ag*, faster underpotential deposition (UPD) of Ag than the Pt nucleation on the Au surface
leads to insignificant Pt deposition. This brings to fore the mechanistic complexity underlying
such reactions involving multiple components. Leveraging on the unique role of Ag, we have
devised a new facile synthetic methodology for the controlled deposition of Pt on the edges
and corners of Au NCs, whose universality has been demonstrated on two different shaped Au
NCs with HIFs-CCB and elongated tetrahexahedra (ETHH). Additionally, to overcome the
tediousness associated with multistep seed-mediated methods, we have devised a synthetic
route requiring only 7 min for the Pt deposition at an elevated temperature, the lowest time-
consuming method among the reported methods*’>°43 which renders the reaction facileness
along with a glimpse into the unusual behavior of Ag™ in directing the deposition of Pt. The
Au@Pt NCs with varying Pt deposition were additionally investigated for their activity toward
the oxygen reduction reaction (ORR), where the system with highest Pt loading exhibited good
activity and enhanced durability when compared to the commercial Pt/C catalyst.

4.2 Materials/Methods

Gold(111) chloride trihydrate (HAuCls-3H20), silver nitrate (AgNOs), potassium
tetrachloroplatinate(ll) (K2PtCls), CTAB, cetyltrimethylammonium chloride (CTAC), tannic
acid (TA), and sodium borohydride (NaBH4) were purchased from Sigma-Aldrich. Sodium
hydroxide (NaOH; analytical reagent) was bought from RANKEM. All chemicals were used
as such. Milli-Q (MQ) water (18.2 MQ-cm) was used for all experiments.
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Deposition of Pt on Au CCB and ETHH NCs. The deposition of Pt on Au CCB and ETHH
NCs was carried out by preparing a growth solution containing 440 puL of 0.2 M CTAC, 40 uL
of 100 mM NaOH, 10 pL of 4 mM AgNOs3, 250 uL of Au CCB NC (Au ETHH NC) seeds, 4
mM K2PtCls (0-30 uL), and 20 uL. of 100 mM TA and a requisite amount of MQ water to make
the volume to 1 mL and kept in a water bath maintained at 75 °C for 7 min. To study the
effect of AgQNO3, the amount was varied from 0 to 30 uL, keeping the amount of K>PtCl, at 30

uL and all other parameters the same.

Measurements on Electrocatalysis. The electrochemical measurements were carried out in a
BioLogic electrochemical workstation (SP-300) by using a standard three-electrode setup. A
glassy carbon (GC) RDE coated with the catalyst (Pine Instruments Inc.) was used as the
working electrode. The ORR activity was evaluated in 0.1 M KOH electrolyte using Hg/HgO
as a reference electrode and graphite rod as a counter electrode. The applied potentials were
normalized with respect to RHE and the obtained current response was converted to current
density by dividing with the geometrical surface area of the working electrode. The catalyst
ink was prepared by adding carbon black (Vulcan carbon XC-72) to the catalyst metal alloy
solution by fixing the metal:carbon ratio as 40:60 with continued bath sonication for 1 h to get
a uniform physical mixture. The catalyst slurry was drop-cast on the GC electrode surface
and dried under an IR lamp. Subsequently, 2 uL of 0.01 wt % fumion solution in ethanol was
applied to the catalyst, which acts as a binder as well as an ionomer. Platinum, nominally 40%
on carbon black was purchased from Alfa Aesar and used as such for comparative studies

involving standard Pt/C.

Characterizations. UV-vis spectra were recorded using a Chemito SPECTRASCAN UV
2600. FE-SEM images were captured through a ZEISS Ultra Plus field-emission scanning
electron microscope. TEM images and EDXS mapping were captured using a JEOL JEM-
2200FS transmission electron microscope. XRD data were recorded at room temperature using
a Bruker D8 Advance diffractometer using Cu Ko radiation (A = 1.5406 A). The element
content in the samples were measured by a Thermo Fisher Scientific, Element XR inductively

coupled plasma mass spectrometer.

4.3 Results and Discussion
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High-quality CCB and ETHH Au NCs were synthesized according to our earlier synthetic
protocols*#> and used as seeds in the present study. To induce Pt deposition to a different

extent on the surface of the Au NCs, varying amounts of K>PtCls, used as the Pt precursor,
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Figure 4.1: (a) UV—vis spectra of Au@Pt CCB NCs synthesized by varying the amount of the Pt
precursor KPtCls at a constant AgNOs volume (10 pL). (b) UV—vis spectra of Au@Pt ETHH NCs
synthesized by varying the amount of the Pt precursor K,PtCl, at a constant AGNO3 volume (10 uL).
(c) XRD patterns of Au@Pt NCs synthesized by varying the amount of KyPtCl.. The peak
corresponding to Pt(111) has been highlighted in blue shade. (d—g) TEM images of Au@Pt CCB NCs
synthesized by varying the amounts of K;PtCls as 0, 10, 20, and 30 uL, respectively, at a constant
AgNOs volume (10 pL). (h—k) TEM images of Au@Pt ETHH NCs synthesized by varying the amounts
of KoPtCls as 0, 10, 20, and 30 uL, respectively, at a constant AgNO3 volume (10 pL). The scale bar is
100 nm for all.

The three plasmonic peaks are characteristic of Au CCB, attributed to the transverse edge
mode, T1, the transverse hybrid mode, T2, and the longitudinal surface plasmon resonance.*®
The synthesized Au CCB NCs exhibit these three distinct plasmonic peaks, and the UV—vis
spectra provide evidence to the fact that in the absence of Pt, they remain unchanged. However,

the discernible changes on introducing the Pt precursor include the disappearance of the T1
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TSPR apart from a slight red shift of the peaks, which indicates preferential deposition of Pt
on the edges and corners. The dampened and broader plasmonic peaks observed at higher
amount of Pt may be ascribed to the larger absorption via interband transitions.*>4” The UV—vis
spectra thus provide preliminary but strong evidence on the successful deposition of Pt in Au
CCB NCs (Figure 4.1a). The UV—vis spectra of Au ETHH NCs, which exhibit two plasmonic
peaks, were found to exhibit a trend analogous to that of Au@Pt CCB NCs on increasing the
amount of Pt introduced in the growth solution (Figure 4.1b). Further, the powder X-ray
diffraction (PXRD) technique was employed to extract detailed structural information of the
synthesized Au@Pt NCs. From the X-ray diffraction, apart from (111) and (200) reflections of
Au face-centered cubic (fcc) structure at 38.1 and 44.3°, 260 values at 39.2 and 45.6° could also
be indexed into (111) and (200) reflections of Pt fcc structure, respectively, at higher amounts
of Pt (20, 30 uL) (Figure 4.1c).2 The increasing peak intensity of Pt reflects an increase in the
shell thickness, corroborating with the UV—vis analyses.

Corroborating the initial observations from the UV—vis spectra, the corresponding transmission
electron microscopy (TEM) images of CCB NCs obtained at varying amounts of Pt show the
preferential deposition of Pt along the corners and edges (Figure 4.1d—g). The corners and
edges of CCB Au NCs with less density of surfactants due to the curved surfaces are associated
with high energy, which explains the preference for Pt deposition on them. This explains why
we observe denser Pt deposition on Au CCB NCs compared to Au ETHH NCs under similar

reaction conditions.

Figure 4.2: (a-c) TEM images of Pt deposition on Au CCB NC to various extent according to the

progress of the reaction. Scale bar is 20 nm for all.

With an increasing amount of Pt, the deposition becomes more compact owing to the dense Pt
layer. The smooth edges and sharp corners of the Au NCs are thus transformed into uneven

surfaces with rounded corners in the Au@Pt NCs. The formation of Pt islands (Volmer—Weber)
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instead of a smooth coverage (Frank—van der Merwe) on the surface of the HIF Au NCs arises
due to the large lattice mismatch between Au and Pt (~4%) and a high Pt—Pt bond energy.™
Thus, controlled deposition of Pt while maintaining the morphological integrity of the seed has
been successfully realized. The observations were consistently reproduced across different
batches as well as different sizes of both Au CCB and Au ETHH NCs. Introducing even higher
amount of Pt?* to the growth solution led to complete surface coverage along with loss of initial
seed morphology. The present work aimed to control selective deposition; hence, a higher

amount variation of Pt was not pursued.

Furthermore, to study the process by which Pt deposition takes place on the Au NCs, aliquots
were withdrawn from the growth solution at different time intervals, centrifuged to quench the
reaction, and subjected to TEM analysis (Figure 4.2). From the aliquot isolated 1 min after the
initiation of the reaction, the corresponding TEM image reveals discrete Pt clusters interspersed
along the edges of the Au CCB NC. However, in the aliquot isolated in the subsequent 1 min,
a thicker Pt layer around the edges was observed. A dense Pt layer can be observed from the

aliquot withdrawn at 7 min after the initiation of the reaction.
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Figure 4.3: (a) UV—vis spectra of Au@Pt CCB NCs synthesized by varying the amount of AgNOs at
a fixed KzPtCls amount. (b) UV—vis spectra of Au@Pt ETHH NCs synthesized by varying the amount
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of AgNO:s; at a fixed K,PtCls amount. (c) XRD patterns of Au@Pt NCs synthesized by varying the
amount of AgNOa. The peak corresponding to Pt (111) has been highlighted in blue. (d—g) TEM images
of Au@Pt CCB NCs synthesized by varying the amounts of AgNOs; as 0, 10, 20, and 30 pL,
respectively, at fixed amounts of K:PtCl; (30 pL). (h—k) TEM images of Au@Pt ETHH NCs
synthesized by varying the amounts of AgQNOs as 0, 10, 20, and 30 pL, respectively, at fixed amounts
of KoPtCls (30 pL). The scale bar is 100 nm for all.
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Figure 4.4: (a,c) Scanning transmission electron microscopy (STEM) image of Au@Pt CCB NC (0 puL
AgNOs) and (b,d) EDXS line scan profile along the short axis and long axis, respectively. (e,g) STEM
image of Au@Pt CCB NC (10 uL AgNOs) and (f,h) EDXS line scan profile along the short axis and

long axis, respectively.

Since the Pt—Pt bond energy is higher than the Au—Pt bond energy, the successive Pt deposition
on the initial Pt clusters is rapid, giving rise to a compact Pt layer encompassing the Au NC.

This results in the desired Au@Pt bimetallic nanostructure without compromising markedly
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on the Au seed morphology. The requirement of only 7 min for the successful generation of
Au@Pt bimetallic nanostructure happens to be the fastest among the reported seed-mediated
methods. Of particular mention is the controlled deposition of Pt on Au nanoprism at room
temperature with the time requirement of 1 h, which was attributed to surfactant
cetyltrimethylammonium bromide (CTAB) molecules acting as templates for the linear growth
pattern.®® We, therefore, anticipate that under our growth conditions as well, ordered Pt

deposition would take place on such Au nanoprism structures in 7 min.
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Figure 4.5: (a,c) STEM images of Au@Pt CCB NCs (20 uL AgNOs); (b,d) EDXS line scan profile
along the short axis and long axis, respectively. (e,g) STEM image of Au@Pt CCB NC (30 uL AgNO3);

and (f,h) EDXS line scan profile along the short axis and long axis, respectively.

On further increasing the amount of AgNOs, an interesting observation was made, whereby the
plasmonic peaks not only showed a blue shift but also regained both the plasmonic feature and
the peak intensity. This hints at a reduced Pt deposition at higher amounts of Ag*. While the
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literature is replete with the role of Ag™ in assisting the deposition of Pt on Au surfaces by
either acting as a substrate for GRR or guiding the site for Pt deposition,?®3>3* the current work
sheds light on an unlikely behaviour of Ag in Pt deposition on Au NCs, which merits thorough
investigation. Although Guo and co-workers mentioned the inhibition to Pt deposition at higher
amount of AgNOs and facile Pt deposition at lower amounts of AgNOs, (i) no experimental
proof was presented to attest the same or investigate the extent of Pt deposition and (ii) even
under the two aforementioned conditions, the Ag mole ratio was always higher than the Pt
ratio.®? The XRD patterns support the observation where peaks corresponding to Pt are not
present at higher amounts and in the absence of Ag* (Figure 4.3c). However, the peaks
observed at 39.2° 20 are corresponding to (111) reflections of Pt when a low to moderate
amount of Ag* was maintained during synthesis. A positive shift in the 20 value of Au peaks
by 0.05 units in cases with more Pt deposition hints at negligible Pt—Au alloying, which had
no bearing on the SPR. The corresponding TEM images validate the observations made from
the UV—vis spectra where dense coverage of Pt on Au surface was observed at lower amounts
of Ag* with the coverage of Pt gradually decreasing on further increasing the amount of Ag*
(Figure 4.3e, i). The TEM images of samples synthesized in the absence and in higher amounts
of Ag* exhibit a reduced Pt deposition (Figure 4.3d, f-h, j, k). The EDXS line scan profiles
show a clear preference for Pt deposition along the edges of the Au core, which decreases as
the amount of AgNOs is increased in the growth solution (Figures 4.4 and 4.5).

‘ (|) At low [Ag] Facile GRR of Ag
—_—
UPD layer with Pt?*

Iayer

‘ (ll) At high [Ag'] GRR of Ag UPD layer
——
with Pt? is retarded

Scheme 4.1: Schematic Representation of the Proposed Mechanism of Pt Deposition under Different

Ag" Concentrations.

Under the reaction conditions employed, the pH (~6) of the solution is found to be slightly
acidic to dissuade the bulk deposition of Ag from taking place. Considering that bulk deposition
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of Ag is indeed taking place, the TEM images for the samples synthesized in the absence of Pt
should display a contrast likewise an earlier observation*® -a feature not observed in the present
study. Apart from that, the % Ag should be significantly higher as no Pt is present for galvanic
exchange reaction to take place, which is not the case realized in the present study. Since the
% Ag resulting from UPD on HIF is expected to be higher than that on the low-index facet, it
is possible that the corresponding Ag content on Au NCs should be higher. In an earlier
observation,* the % Ag was found to increase with increased aspect ratios (and hence increased
lengths); however, in the present study, the % Ag remains mostly constant, even when higher
amounts of Ag" are introduced into the solution, indicating that it is the UPD of Ag* and not
the bulk reduction of Ag®. Note that the higher % Ag may also arise due to Ag-assisted
synthesis of Au NC with HIFs, followed by Ag-assisted Pt deposition. From the results

obtained thus, we propose a plausible mechanism to explain our observations (Scheme 4.1).

Figure 4.6: (a) TEM image of the Au@Pt CCB NC synthesized using excess Ag* (50 uL) under an
optimized reaction time (7 min); (b—d) corresponding EDXS maps of Au, Ag, and Pt distributions; (e)
overlapped image of Au, Ag, and Pt elements; (f) TEM image of the Au@Pt CCB NC synthesized using
excess Ag* (50 uL) and subjected to a longer reaction time (20 min); (g—i) corresponding EDXS maps
of Au, Ag, and Pt distributions; and (j) overlapped image of Au, Ag, and Pt elements. The scale bar is

50 nm for all images.

The presence of Au core induces the formation of the Ag UPD layer, thereby reversing the
order of reduction potentials of Ag and Pt precursors used in the synthesis. Depending on the
amount of Ag precursor added during the synthesis, the surface stabilization via Ag UPD
varies. At lower Ag* concentration, Ag UPD takes place only on corners and edges, which it

can sufficiently stabilize. Pt accumulation on the Au NC surface takes place in the following
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order: (1) Pt deposition via GRR, (2) diffusion toward higher energy sites, and (3) subsequent
nucleation and growth on those sites. The oxidized Ag atoms are further induced to undergo
Ag UPD by the exposed Au core and a similar process ensues. However, when higher amounts
of Ag" are introduced in the growth solution, the swift and continuous regeneration of the Ag
UPD layer before the nucleation of Pt slows down the latter process, thereby accounting for
the insignificant Pt deposition on the Au core. To validate the same, control experiments were
performed, whereby a higher concentration of Ag" (50 pL) in the growth solution was
maintained at a constant Pt?* concentration (30 pL) in two reaction vessels. While the reaction
in one vessel was terminated at the optimized time (50 uL Ag; 7 min), it was allowed to
continue for an extended time in the other (50 uL Ag; 20 min). From the respective TEM
images and the corresponding EDXS mapping, it is observed that Pt deposition is evidently
low where the reaction was carried out for optimized duration (Figure 4.6a—e). However, the
prominent distribution of the Pt shell is evident when the reaction is extended for a longer time
(Figure 4.6f).

Figure 4.7: (a) TEM images of Au Oct NC subjected to Pt deposition in the absence of Ag™; (b)
Magnified High-Resolution-TEM image of the rectangular area marked in (a); (c) Selected-area
electron diffraction (SAED) pattern collected from the same particle; (d) Overlapped EDXS mapping
image of Au, Ag and Pt elements; (e,f) TEM images of various magnification of Au Oct NC
subjected to Pt deposition in the presence of Ag™; (e) Low magnification TEM image showing the
distinct deposition of Pt on Au Oct NCs; (g) Magnified High-Resolution-TEM image of the rectangular
area marked in (f); (h) Overlapped EDXS mapping image of Au, Ag and Pt elements.

Debashree Roy, IISER Pune
71



CHAPTER 4

The extent of Pt deposition in the latter case was still lower than that observed when 10 puL of
AgNOs was used for the Pt deposition. This merits our proposed hypothesis that at higher
amounts of Ag", the continuous regeneration of the Ag UPD is swift, retarding the nucleation
and subsequent deposition of Pt. Additionally, to verify that the electrons released due to the
oxidation of the Ag layer by GRR facilitated the reduction of the Pt precursor, Ag-free Au
octahedral (Oct) NCs were synthesized following a reported protocol.>® When the Au NCs were
subjected to Pt deposition in the absence of Ag*, no Pt layer formation was found to take place
(Figure 4.7a-d). The formation of an inconsequential Pt layer on Au CCB and Au ETHH NCs
in the absence of Ag" can be explained from the pre-existence of the Ag UPD layer on such
HIF nanostructures. However, introducing a small amount of Ag* along with the Pt precursor
resulted in dense Pt deposition on the Au Oct NCs (Figure 4.7e-h). These two control
experiments point to Ag being indispensable for Pt deposition under the current experimental
condition. We further attribute our unusual observations to the simultaneous addition of Ag

and Pt precursors.

0.1

0.0

-0.1

-0.2 1
- 0Pt

— 10Pt
20Pt
— 30Pt

-0.3

Current Density (mA cm™)

-0.4

00 02 04 06 08 1.0
Potential (V vs RHE)

Figure 4.8: CV traces of Au@Pt NCs with variable Pt loading in N2-saturated 0.1 M KOH at a scan
rate of 20 mV/s.

The as-synthesized Au@Pt bimetallic nanostructures with variable Pt loading were further
tested for their electrocatalytic activities toward room-temperature ORR by using rotating disc
electrode (RDE) and rotating ring disc electrode (RRDE) techniques.®®2 In a recent review,
progress in using advanced Pt-based catalyst systems for ORR activity is nicely summarized
given their applications in proton exchange membrane fuel cells.>® Cyclic voltammogram (CV)
traces in No-saturated 0.1 M KOH solution for Au@Pt CCB NCs exhibit apparent hydrogen
adsorption—desorption in the potential region between 0 and 0.2 V [vs reversible hydrogen
electrode (RHE)] for samples having higher Pt loading (20 Pt and 30 Pt), which is absent in the
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samples with low/no Pt content (0 Pt and 10 Pt) (Figure 4.8). Figure 4.9a shows the ORR
polarization curves in the potential range of 0.0-1.0 V for Au@Pt CCB NCs in oxygen-
saturated 0.1 M KOH at a scan rate of 10 mV s with an electrode rotation of 1600 rpm at room
temperature. The onset potential for the Au@Pt CCB NCs synthesized using 0, 10, 20, and 30
uL of K2PtCls was observed to be 0.85, 0.88, 0.89, and 0.9 V, respectively. This trend of
shifting the onset potential toward higher potential with increased Pt loading indicates better
catalytic behaviour for ORR. The higher limiting current density for Au@Pt NCs with the

highest Pt loading indicates favourable oxygen adsorption on the stepped surfaces.

0.8
i 01 b %o o N 2 30Pt
"E 1 _o7 %a, ° s, 20Pt
; 3 e, 99, e 10Pt
£ -2 ﬁ 0.6 a.’ o s 0Pt
- > () ?
%‘ 3] > 0.5 Oag 2, .
3 ——3om E 0.4 % *a
o 4] 20 Pt H °
g —10Pt £ 031 %
?
£ -54 — 0 Pt o s,
a 0.24 °
] r T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 -1.5 -1.0 0.5 0.0 05 1.0 1.5 20 2.5
Potential (V vs RHE) Log J, (mAcm™)
c 44 d '
4 —+—30Pt
- 80 20Pt
% 4.0 —+—10Pt
5 MNaAea, w“'\(ﬁ/‘ S 6o e 0Pt
£ 3.6 =
7] e 0"‘
= S ™ 40
6 32 . 30pt a = ad
S \ —
S 20Pt v 20, A
28] +-10Pt 7
S e
—— OPt e
1]
0.0 0.2 04 0.6 0.8 0.0 0.2 0.4 0.6 0.8
Potential (V vs RHE) Potential (V vs RHE)

Figure 4.9: (a) LSVs recorded for Au@Pt CCB NCs with variable Pt loading in 0.1 M KOH at an
electrode rotation rate of 1600 rpm, (b) Tafel plot comparison of all the catalysts (upon linear fitting of
the data points, slopes were estimated to be 354, 292, 244, and 229 mV/decade for the sample
synthesized using 0, 10, 20, and 30 pL of K-PtCls), (c) number of electron transfer for ORR calculated

from the RRDE analysis, and (d) amount of H,O, calculated as a function of the electrode potential.

Notably, the Au@Pt CCB NCs displayed good stability in the structure during the
electrochemical measurements with the structural integrity maintained even after undergoing
the ORR (Figure 4.10a). The stability of the catalyst for electrochemical application was
investigated by performing an accelerated durability test (ADT). The best performing 30 Pt
CCB catalysts are cycled in the oxygen reduction region for 0.60-1.0 V for 5000 potential

Debashree Roy, IISER Pune
73



CHAPTER 4

cycles with continuous oxygen purging. For comparison, the stability analysis of standardized
Pt/C system with commercial composition was also carried out under the same operating
conditions. For the 30 Pt CCB catalysts, the linear sweep voltammogram (LSV) recorded
before and after ADT cycles displayed a 28 mV shift in the half-wave potential, which is
comparatively lower than that obtained in the case of commercial Pt/C (39 mV) (Figure 4.9b-
c). Notably, no degradation was observed in the limiting current of 30 Pt CCB after ADT
cycles. This points out the high structural integrity achieved in the Au@Pt CCB catalyst by the
synergistic electronic interaction between Pt and Au. The Pt/C catalyst could suffer, during
potential cycling, from leaching out from the electrode and also agglomeration of Pt particles

causing degradation in its performance altogether.
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Figure 4.10: (a) FE-SEM image of Au@Pt CCB NC with highest Pt loading (30 pL) having
intact structural integrity after undergoing ORR. Scale bar is 100 nm; LSVs of (b) 30 Pt CCB
(c) Pt/VC catalysts recorded in 0.1 M KOH at an electrode rotation speed of 1600 rpm before
and after the 5000 ADT cycles.

The electrocatalytic performance of our Au@Pt CCB NCs was additionally compared with the
standard Pt/C catalyst (Figure 4.11a). While the onset potential for the benchmark catalyst Pt/C
was at a higher potential than the best performing Au@Pt CCB NCs, a higher limiting current
density was observed for the latter, indicating the greater density of active centers, enabling
more oxygen reduction to take place. A lower onset potential for Au@Pt CCB NCs in
comparison to the standard Pt/C catalyst may also arise due to the lower loading of Pt in the
former. The current output obtained during ORR polarization is normalized with Pt loading to
find the influence of Pt in the catalytic performance (Figure 4.11b), and it was observed that

the 10 Pt sample with lower Pt content is displaying higher limiting current than 20 Pt and 30
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Pt samples. This result validates that, in addition to Pt content, the hybrid Pt—Au electronic

structure in the Au@Pt NC systems dictates the overall electrochemical performance.
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Figure 4.11: (a) LSVs recorded for Au@Pt CCB NCs with variable Pt loading and standard Pt/C in 0.1
M KOH at an electrode rotation rate of 1600 rpm. (b) Pt weight normalized LSVs recorded for Au@Pt
CCB NCs with variable Pt loading in 0.1 M KOH at an electrode rotation rate of 1600 rpm.

Au@Pt ETHH NCs varying in their Pt loading when subjected to similar electrochemical
measurements also conformed to the trend exhibited by Au@Pt CCB NCs. They, however,
showed a superior onset potential of 0.75, 0.94, 0.96, and 0.97 V, respectively, for Au@Pt
ETHH NCs synthesized using 0, 10, 20, and 30 pL of KoPtCls (Figure 4.12a). Further, to
compare the intrinsic activity of the NCs with variable Pt loading, the Tafel slope analysis was
carried out and the corresponding plots are shown (Figures 4.9b and 4.12b). A low Tafel slope
value is associated with faster reaction kinetics with efficient active sites toward ORR.* A
decrease in Tafel slope value was observed with an increase in Pt loading, indicating the
increased feasibility of the reaction for both Au@Pt CCB NCs and Au@ Pt ETHH NCs.

To extract more detailed information on the reaction kinetics of the catalysts, RRDE
voltammograms were performed in oxygen-saturated 0.1 M KOH at a scan rate of 10 mVs™
and an electrode rotation rate of 1600 rpm. The percentage of intermediate H>O generation by
the side reaction and the number of electrons (n) transferred during the ORR were derived from
the following equations:

n=(4lg) / ((1a + 1/N)) (1)

% H202 = (200 I/N)) / (14 + 1/N)) )
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Figure 4.12: (a) LSVs recorded for Au@Pt ETHH NCs with variable Pt loading in 0.1 M KOH at an
electrode rotation rate of 1600 rpm, (b) Tafel plot comparison of all the catalysts (upon linear fitting of
the data points, slopes were estimated to be 233, 197, 188, and 179 mV/decade for the sample
synthesized using 0, 10, 20, and 30 pL of K2PtCly), (c) number of electron transfer for ORR calculated

from the RRDE analysis, and (d) amount of H,O- calculated as a function of the electrode potential.

where Ir, lg, and N are the ring current, disc current, and collection efficiency (0.37),
respectively. The number of electrons obtained for Au@Pt CCB NCs are, respectively, 3.81,
3.75, 3.23, and 3.18 while that for Au@Pt ETHH NCs was calculated to be 3.98, 3.96, 3.93,
and 3.92, respectively, when the amount of Pt?* was varied as 0, 10, 20, and 30 uL, indicating
that the theoretically predicted four-electron pathway was followed (Figures 4.8c and 4.10c).
Quantification of the amount of H2O. generated supported the results obtained in the number
of electrons calculation where a gradual lowering in the generation of peroxide was observed
with increased Pt loading (Figures 4.8d and 4.10d). Thus, the RRDE analysis helped to

substantiate the theoretically predicted reduction of the molecular oxygen to water.

The electrochemical active surface area (ECSA) of the best performing 30 Pt CCB catalyst is
calculated from CV data and compared with the standard Pt/C catalyst. The CV traces recorded
in N2-saturated 0.1 M KOH showed distinct features of Pt catalytic systems and three regions

corresponding to hydrogen adsorption—desorption, oxygen adsorption—desorption, and non-
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Faradaic capacitance were identified (Figure 4.11). The ECSA values were calculated using

the following equation®
ECSA = (QH-adsorption) / (0.210 ><LPt) (3)

where QH-adsorption is the charge for hydrogen UPD adsorption and Let is the mass loading
of Pt. The values were found to be ~21.2 and ~39.5 m? g~* for the 30 Pt CCB and the Pt/C
catalysts, respectively. The lower ECSA for our catalyst could be due to the blocking of active
sites by adhered surfactant molecules on the surface. Based on the overall performance towards
ORR in alkaline medium, our Au@Pt CCB and ETHH NC systems appear as promising
catalysts for other electrochemical reactions. The use of alkaline medium apart from providing
for a less corrosive environment for the catalysts, also enhances the ORR kinetics with respect

to the acidic medium.®®
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Figure 4.11: CV traces of (a) Au@Pt CCB NCs synthesized using 30 uL K>PtCls and (b) commercial
Pt/C in Nz-saturated 0.1 M KOH at a scan rate of 50 mV/s and electrode rotation rate of 900 rpm.

4.4 Summary and Conclusions

In conclusion, we have demonstrated a facile synthetic route to generate Au@Pt bimetallic
nanostructures using CCB and ETHH Au NCs as seeds, which to the best of our knowledge
requires the least time for the generation of the Au@Pt bimetallic nanostructure via the seed-
mediated route. Optimizing the reaction time to 7 min helped us to unravel an unusual
behaviour of Ag* in guiding the deposition of Pt. The Pt deposition on the Au surface could be
tailored by modulating the Pt or Ag precursor concentration at a fixed reaction duration. A
plausible mechanistic explanation has been put forward to explain the unusual observations.
The swift regeneration of the Ag UPD layer formed at higher amounts of Ag* before the

nucleation of Pt on the Au surface slowed down the deposition process, leading to the observed
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lower Pt deposition at higher [Ag*]. The preferential deposition of Pt at the edges and corners
of the HIF nanostructures could be attributed to the high surface energy associated with such
sites allowing selective Ag coverage, which were further subjected to GRR by Pt. The response
to ORR at such low Pt loading circumvents the use of high Pt in monometallic Pt NCs for
improved electrocatalytic performance. The generality of the proposed mechanism
demonstrated on two Au NCs is expected to be universal for generating other bimetallic

nanostructures.
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5.1 Introduction

Recent years have witnessed a surge in the interest in shape-specific noble metal nanostructures
for various applications.! Particular attention has been placed on anisotropic Au nanostructures
because of the ability to tailor their electronic, optoelectronic, optical, and plasmonic
properties.?* Of the myriad kinds of anisotropic Au nanostructures, 1D nanostructures are of
fundamental interest and are promising for practical applications.>® 1D nanostructures refer to
those structures having one of the three dimensions (1 to 100 nm) greater than the other two,®
usually characterized by two surface plasmon resonance (SPR) peaks arising because
of the short and long axes of these systems.!® Among the various 1D nanostructures, Au
nanorods (NRs) remain the most investigated and studied because of their well-defined
shape anisotropy giving rise to aspect ratio (AR)-dependent and widely tunable LSPR.!!
Substantial efforts have been put forward in recent times to develop synthetic protocols to
extend the tunability of their LSPR into the near-infrared (NIR) regime emphasizing their
applicability in biological imaging among a host of other applications. These synthetic
protocols were marred by either tedious multistep processes,'>*2 long reaction duration,***> or
low yield,'®'" apart from the inability to maintain the dimension under 100 nm for the Au NRs

to be useful for biological imaging.®

In this Letter, we introduce a new morphology to the existing library of anisotropic 1D Au
nanostructures, Au nano-earbud (NEB), by employing a binary surfactant mixture of CTAC
and BDAC and using tannic acid (TA) as a mild reducing agent. These as-synthesized Au
NEBs (widths, 4-6 nm; lengths, 37-77 nm) were reasonably monodisperse, structurally
uniform, and single-crystalline with high ARs resulting in broadly tunable plasmon resonance
peaks (LSPR tuned beyond 1200 nm). The role of the key chemical parameters has also been
studied to investigate the growth and formation of this unique morphology. Additionally, the
Au NEBs exhibit three distinct plasmonic peaks, rather uncommon for 1D nanostructures,
attributed to the bulbous ends as well as the high AR of the structure from theoretical

calculations solving Maxwell’s equations with the finite element method.
5.2 Materials/Method

Gold(II) chloride trihydrate (HAuUCl4.3H20), silver nitrate (AgNO3),
cetyltrimethylammonium bromide (CTAB), cetyltrimethylammonium chloride (CTAC),
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benzyldimethylhexadecylammonium chloride (BDAC), tannic acid (TA), and sodium
borohydride (NaBHs4) were purchased from Sigma-Aldrich. Sodium hydroxide (NaOH;
analytical reagent) was bought from Rankem. All chemicals were used as such. Milli-Q water
(18.2 MQ-cm) was used for all experiments.

Synthesis. A typical synthesis of Au NEBs is as follows: rapid addition of NaBHa4 (45 pL, 20
mM) to a mixture of Milli-Q water (0.5 mL), CTAB (0.625 mL, 0.2 M) and HAuCl4 (78 pL, 4
mM) resulted in a brownish colour solution, which indicated the formation of seeds. The
growth solution was made by sequential addition of water (0.630 mL), NaOH (20 pL, 0.1 M),
HAuUCIs (0.25 mL, 4 mM), CTAC (750 uL, 0.2 M), BDAC (250 pL, 0.2 M) and AgNOs (50
ML, 4 mM). The subsequent introduction of TA (10 pL, 100 mM) turned the colour of the
solution from yellow to pale brownish-yellow in 10 min due to Au (III) — Au (I) reduction.
Finally, to the growth solution, seed solution (varying from 5-500 pL) was added and the Au

NEBs were allowed to grow for 2 h at room temperature.

To study the effect of AgNO3, the amount was varied from 0-200 pL keeping the amount of
seed at 50 pL and all other parameters same. When the amount of HAuCls was modulated from
50-400 uL, other precursor quantities were kept unchanged. While varying the surfactant ratio,
the total volume of the surfactant was always maintained at 1 mL with various ratios of the
binary surfactants and keeping the other parameters constant.

Characterization. UV-vis spectra were recorded from g SHIMADZU UV- 3600 plus UV-
VIS-NIR spectrophotometer. FE-SEM images were captured through ZEISS Ultra Plus and
TEM images were captured using a JEOL JEM-2200FS transmission electron. microscope.
The average length, width and aspect ratios of NEBs of varying sizes were determined using

ImageJ software.

Modeling Method. A single Au NEB is considered in our modeling, and the scattering
problem of the Au NEB was solved with the 3D finite element method using the Wave optics
module of COMSOL Multiphysics 5.3. In the simulation, Au is chosen as “Au (Johnson)” from
the COMSOL material library, in which the wavelength-dependent refractive index of Au is
given. The investigated Au NEB is embedded in water with a refractive index of 1.33. The
length of the Au NEB is 54 nm, and the central diameter is 4.5 nm, which are extracted from
the average of 50 NEBs (L = 54.3 £ 9.1 nm; W = 4.6 = 0.6 nm). More details about the
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dimensions of the simulated Au NEB can be found in the insets of corresponding figures. The
incident light wave travels along the z direction with both x and y components or only x (y)
component electric fields. Perfectly matched layers are used in the modeling to absorb the
outgoing wave energy radiation. The scattered field formulation was also used. The spectrum
of scattering and absorption cross-sections for the Au NEB can be calculated with the model.
Specifically, the scattering cross-section was calculated by integrating the outgoing Poynting
vector over the closed surface of the Au NEB, and then divided by the incident intensity. For
absorption cross-section was computed by integrating the power loss density in the Au NEB
over its volume and divided by the incident intensity. With the obtained scattering and
absorption cross-sections, we can get the extinction cross-section which is the sum of scattering
and absorption cross-sections. In addition, the charge density distributions at resonant
wavelength can also be obtained with the model. Similarly, the spectrum of extinction cross-

section and the charge density distribution for Au cylindrical nanorod can also be obtained.

5.3 Results and Discussion

Q
°

Extinction (normalized)

500 600 700 800 900 1000 1100 &
Wavelength (nm)

Figure 5.1: (a) UV-vis spectra; (b) FE-SEM image of Au NEB synthesized using 50 uL of seed. ()
Corresponding TEM image showing the monodispersity of the Au NEBs. (d) HR-TEM image of a
single Au NEB with three regions boxed as e, f, and g. (e—g) HR-TEM images of the three regions (two
bulbous ends and middle part) of Au NEB showing the single-crystalline nature throughout the
morphology. Scale bar is 5 nm for all.

The as-synthesized Au NEBs were characterized by UV-vis spectroscopy which showed the

appearance of three SPR peaks, two in the visible spectrum and the third in the NIR regime
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(Figure 5.1a). Further, the field emission scanning electron microscopy (FE-SEM) images
showed the dense presence of the NEB morphology (Figure 5.1b). These Au NEBs synthesized
using seed amount of 50 pL (L = 54.3 £ 9.1 nm; W = 4.6 + 0.6 nm) have been used as a
representative model for all control experiments and were further characterized using
transmission electron microscopy (TEM). Figure 5.1c shows the distribution of Au NEBs
having uniform morphology with negligible spherical impurity. The TEM image of a single
Au NEB (Figure 5.1d) and zoomed in high-resolution TEM images taken from the three regions
(two bulbous ends and middle part) of Au NEB were found to be highly crystalline throughout

with no observable stacking faults and/or twin defects (Figure 5.1e-g).
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Figure 5.2: UV-vis spectra showing the evolution of Au NEB with time. The emergence of new peak
has been highlighted in grey.

The growth progress of Au NEBs was monitored in real time using UV-vis spectroscopy
(Figure 5.2). At 5 min into the reaction, the spectra revealed the appearance of three bands that
were reasonably resolved though weak in intensity. The first band, typically referred to as
transverse SPR (TSPR), was initially observed at ~510 nm and gradually red-shifted over the
course of the reaction to finally stagnate at ~530 nm. The LSPR on the other hand underwent
an initial red-shift (until 30 min) followed by a gradual blue-shift (subsequent 90 min). Similar
behaviour was observed earlier in the case of Au NRs, implying that the seed particles had
broken the symmetry to achieve the initially highest AR followed by its decrease.?! The third
band which came to existence at ~610 nm, red-shifted over time to finally culminate at ~640

nm. After 120 min, the completion of the reaction was indicated by the saturation of spectral
intensity.
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Figure 5.3: (a) UV—vis spectra of Au NEBs synthesized with varying amounts of seed as 30—200 pL.
(b) Zoomed in UV—vis spectra of the transverse plasmon resonance showing the blue shift as the seed
amount was varied from 30 to 150 uL. (c—h) Corresponding FE-SEM images of Au NEB synthesized
by varying the amounts of seed as 30 (AR = 10), 40 (AR = 12), 50 (AR = 14), 75 (AR = 15), 100 (AR
~ 16), and 150 puL (AR = 17), respectively. Scale bar is 100 nm.

Because the amount of seed is known to play an important role in tuning the dimension of Au
nanocrystals,'®2?° various amounts of seed ranging from 5 to 500 pL were added in the growth
solution. Increasing the amount of seed added in the growth solution from 5 to 200 uL resulted
in a gradual and remarkable red-shift of ~500 nm (from ~850 nm to ~1350 nm) (Figures 5.3a
and 5.44, e). It has been noticed for the seed-mediated growth of Au NCs that although reducing
the amount of seed particles is often known to result in increased length and width of Au
NCs,61920 jrregular dumbbell-shaped structures dominated when the syntheses were carried
out with seed volumes less than 30 pL (Figure 5.4b-d). On progressively increasing the seed
amount from 30 to 150 puL, NEB-like structures with increasing length from ~49 to ~70 nm
and gradual thinning of the bulbous ends (Figure 5.3c-h), reflected in the blue shift of ~20 nm
(from ~538 to ~518 nm), were observed (Figure 5.3b). The AR simultaneously increased from

10 to 17. Because the LSPR features depend not only on the length of the nanostructure but
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also on the AR (length/width), such a huge red-shift could be attributed to an exceptionally
high AR pushing the LSPR to the NIR region (Figure 5.3a).

Amount of seed added ()
—s
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— = et = — ~ == —— e e ——— T ———

500 pL

Figure 5.4: (a) UV-vis spectra obtained at a lower seed amount (5-20 uL); (b-d) Corresponding FE-
SEM images of the samples synthesized with 5, 10 and 20 pL seed respectively; (e) UV-vis spectra
obtained at a higher seed amount (200-500 pL); (f-i) Corresponding FE-SEM images of the samples
synthesized with 200, 300, 400 and 500 pL seed. (j) Optical image of the solutions obtained by varying

the amount of seed from 5-500 uL Scale bar is 100 nm for all.

A subsequent blue-shift of ~350 nm along with a change in the plasmon band features was
observed as the seed amount was further increased from 200 to 500 uL because of the formation
of Au NRs having lower AR as well as decreased length (Figure 5.4f-i). The UV-vis spectra
(Figure 5.4e) corroborated well with the FE-SEM images. The transverse surface plasmon
resonance (TSPR) band underwent a minute yet non-negligible change in the form of a blue-
shift as the amount of seed was increased from 5 to 500 pL. The third plasmon peak at ~640
nm (highlighted in gray) gained intensity as well as underwent a red-shift as the amount of seed
was increased from 5 to 100 uL (Figures 5.3a and 5.4a). Upon further increasing the amount
of seed, the peak intensity gradually decreased and finally disappeared, resembling spectral
features of Au NR with two plasmonic bands (Figure 5.4e). Thus, a moderate seed amount (30-

200 uL) was desirable for obtaining a decent yield of Au NEBs.

To check the influence of the concentration of HAuCls on the formation of Au NEBs, a set of
experiments were carried out where the amount of HAuCls was varied from 50 to 400 pL and
monitored by analysing the FE-SEM and TEM images as well as UV-vis spectra (Figure 5.5).
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Figure 5.5: (a) UV-vis spectra recorded for NEB Au NCs synthesized with varying the amount of
HAuCI, as 50, 100, 200, 250, 300, and 400 pL at 50 pL seed; (b) Corresponding optical image; TEM
images (c-d) and FE-SEM images (e-h) of Au NCs synthesized using 50, 100, 200, 250, 300 and 400
uL HAuCls, respectively. Scale bar is 100 nm for all.

The control solution containing 50 uL (4 mM) of HAuCls4 showed one SPR peak at ~550 nm
(Figure 5.5a), matching well with the corresponding TEM image showing the presence of
spherical particles only (Figure 5.5c). With the addition of more HAuUCIls (100 pL), two
prominent SPR peaks appeared evidenced from the TEM image by the formation of a rodlike
morphology along with the presence of spherical particles (Figure 5.5a, d). Upon further
increasing the amount of HAuCl4 (200 uL), three SPR peaks came into the picture which gained
more prominence at even higher amounts of HAuCls (250-400 pL) (Figure 5.5a). This was
corroborated by the FE-SEM images, which showed the formation of Au NEBs with increasing
length and more prominent ends (Figure 5.5e-h). The higher amounts of HAuCls were not only
instrumental in increasing the length of the NEBs but also helped in tuning the ARs from ~13
to ~19, pointing toward an increased intensity and red-shift of the LSPR. This is impressive in
the sense that pushing the LSPR spectra well into the NIR-1I range could be achieved even by
keeping the length below 100 nm. Previous studies have emphasized the critical size limit for
nanoparticles is ~100 nm for them to be able to penetrate into tumors.® This makes our Au
NEBs potential candidates for in vivo biological imaging. Because of the improved
photothermal stability of smaller Au NRs (W =8 = 2 nm and L = 49 + 8 nm) with respect to
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the larger Au NRs (W = 18 £ 4 nm and L= 120 + 17 nm), we anticipate that these Au NEBs

will be useful for photothermal applications as well.*®
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Figure 5.6: (a) UV—vis spectra recorded for NEB Au NCs synthesized with varying the amount of
AgNOs as 0, 10, 20, 30, 50, 75, 100, 150, and 200 uL at 50 puL seed; (b) Corresponding optical image
of the as synthesized solutions; (c—k) Corresponding FE-SEM images in the same order. Scale bar is
100 nm for all.

AgNO3, which is known to control the AR of Au NRs by controlling the size at which the
symmetry breaking event takes place,??>° was indeed observed to direct the morphology of our
Au NEBs. The absence of AgNOswas clearly marked by the formation of spherical NPs, while
a gradual increase of AQNO3 (10 pL) resulted in Au NRs (Figure 5.6¢, d). On further increasing
the amount of AgNO3 (20 uL), there was a noticeable red shift of the LSPR along with the
appearance of a new peak centered ~650 nm (Figure 5.6a) in the UV-vis spectra which was
consistent at even higher amounts of AgNO3 (30-200 pL). These findings were supported by
the FE-SEM images showing the uniform presence of Au NEBs. Drawing from the
literature,?®2” we propose that a high HAUCls:AgNOs (25:1) ratio although induces anisotropic
growth, but are unable to passivate selective facets because of incomplete surface coverage of
Ag leading to the formation of Au NRs. However, on lowering the ratio [HAuUCl4:AgNO3 =
12.5:1], Ag selectively passivates the side facets thereby guiding the incoming Au atoms at the
ends facilitating the formation of Au NEBs. At considerably high amounts of AgNO3 (100-200
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uL), there was a slight blue shift of the LSPR and reduced intensity of the peak ~650 nm. This
observation is supported by the FE-SEM images of Au NEBs (Figure 5.6i-k) with decreasing
length and thus lowered AR. That the role of the silver ion is not always to increase the ARs
has been observed earlier in the case of Au NRs as well,?® and a similar trend is reflected in the
current study. Thus, it was found that apart from the amounts of HAuCls and AgNQOs, the ratio
of HAuUCI4:AgNO:s also impacted the formation of Au NEBs.
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Figure 5.7: (a) UV-vis spectra recorded for NEB Au NCs synthesized by varying the ratio of
CTAC:BDAC as 1:0, 9:1, 4:1, 3:1, 1:1, and 1:3 at 50 pL seed; (b) Optical images of the respective

solutions; (c-h) Corresponding FE-SEM images in the same order. Scale bar is 100 nm for all.

Here, a binary surfactant mixture of CTAC and BDAC has been used to synthesize Au NEBs.
When the synthesis was carried out in the presence of only CTAC, the product was a mixture
of Au nanorods and nanospheres, whereas the synthesis in the presence of BDAC yielded
nanospheres only. Upon replacing a small proportion of CTAC with an equal amount of BDAC
into the growth solution (in a 9:1 ratio; the ratios indicate CTAC:BDAC henceforth), a marked
red shift of the LSPR relative to only CTAC was observed. On further increasing the amount
of BDAC in the binary surfactant mixture from 9:1 to 3:1, a further red-shift of the LSPR was
observed. This initial red-shift (on varying the ratio of CTAC:BDAC from 9:1 to 3:1) was
endorsed by the formation and an increase in the length of the Au NEBs with a constant lateral
dimension of the middle region. On further increasing the proportion of BDAC to 1:1 and 1:3,
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the blue shift of the LSPR corroborates the observation of shorter Au NEBs with thicker lateral

dimensions.

_ o Agt -
hlvA hlwA
12\ CTA* @ CI 12 \_©

CTAC BDA* R n I BDAC

Scheme 5.1: Schematic representation of Au NEB formation in the presence of binary surfactants.

Based on these observations, we anticipate the presence of a larger number of CTAC monomers
on the lateral facets of the seed with a tighter packing due to the smaller headgroup, thereby
restricting the transverse growth. The BDAC monomers with their bulky polar headgroup?-2°
and larger headgroup surface area cannot enforce a tight packing, thus enabling the deposition
of the Au® atoms at the much less protected ends® giving rise to the NEB structure (Scheme
5.1). However, the increased proportion of BDAC in the binary surfactant mixture leads to the
considerable presence of BDAC on the lateral facets along with CTAC. It is thus unable to
restrict the lateral growth and facilitate the unidirectional growth, leading to shorter NEBs with
thicker widths. In the present study, the optimal ratio of CTAC:BDAC was maintained at 3:1.
At this particular ratio of the binary surfactants, the LSPR displayed the maximum red-shift,
although the formation of Au NEBs had started taking place even at a 1:1 ratio (Figure 5.7).
This can also be understood from the formation of NRs at higher seed amounts. Contrary to
conventional wisdom where CTAC alone does not promote the formation of Au NRs*! and
BDAC has been utilized in conjunction with CTAB only to result in higher AR Au NRs,® the
formation of Au NRs in a chloride bound growth solution is another highlight of the present
study (Figure 5.4f-1). While CTAB has been ubiquitously used in seed-mediated growth for the
synthesis of single crystalline Au NRs,'®?8 introduction of a small amount of bromide ions into
the growth solution from the seed solution in the form of CTAB does not aid the formation of
Au NEB:s. In fact, when deliberately added to the growth solution, they were found to impede
the formation of Au NEBs (Figure 5.8).
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Figure 5.8: (a) UV—vis spectra recorded for NEB Au NCs synthesized with varying the amount of seed
solution as 5, 10, 20 and 30 uL along with bromide solutions of 45, 40, 30, 20 uL respectively, to
maintain the entire seed volume at 50 pL; (b) Corresponding optical image of the as-synthesized

solutions; (c—f) Corresponding FE-SEM images in the same order. Scale bar is 100 nm for all.

After demonstrating the superiority of TA over ascorbic acid (AA) as a milder reducing agent
for the synthesis of various anisotropic Au nanocrystals,'*?° we have extended the potency of
TA to synthesize Au NEBs in this work. Because the modulation of the concentration of the
reducing agent in the growth solution offers a direct way to manipulate the reaction kinetics
and thus the particle shape,*? the amount of TA added to the growth solution was varied from
2 to 30 uL while keeping all other parameters fixed. At very low amounts of TA (2 uL), the
shape yield of NEBs was very low. Increasing the amount from 5 to 10 pL resulted in the red
shift of the LSPR accompanied by an increase in dimensions. Further increase of TA (15-30
uL) resulted in the gradual blue shift of LSPR and smaller NEBs accompanied by an increase
of spherical particles. In all these cases, however, earbud-like morphology was maintained
(Figure 5.9). This points to the fact that increasing the amount of TA in the growth solution
results in an increase in the rate of gold ion reduction and thus a preference for the growth of

kinetically more favourable spherical particles.

A theoretical study was implemented to understand the nature and origin of the three plasmonic
peaks of Au NEBs. On the basis of the synthesized Au NEBs (L =54.3 +9.1 nm; W=4.6 £
0.6 nm), we built a simulated NEB structure (AR = 12) with dimensions L = 54 nm and W =
4.5 nm (Figure 5.10, inset). The width of the NEB bulbous ends takes 8.5 nm. The investigated
Au NEB is embedded in water with a refractive index of 1.33. The spectrum of extinction

cross-section for an Au NEB was calculated by solving Maxwell’s equations with the 3D finite
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element method (see Materials/Methods for details). When the incident light travels along the
z direction with an electric field consisting of both x and y components, the Au NEB with an
AR of 12 exhibits three peaks (514, 700, and 1689 nm) in the simulated extinction spectrum,
as shown in Figure 5.10a. The extinction spectrum for electric field with only y component (x
component) is shown in Figure 5.10b (Figure 5.10c). It is found that the peak at 514 nm
originates from the y component electric field. The electric near-field amplitude distribution
for the peak 514 nm is shown in Figure 5.10d, which clearly indicates a transverse mode (i.e.,
TSPR peak). The peaks at 700 and 1689 nm, as shown in Figure 5.10d, are related to the x
component electric field (i.e., LSPR peaks). The electric field amplitude distribution at 1689
and 700 nm shows that the LSPR peaks are dipole and sextupole mode, respectively. It is
known that Au nanospheres exhibit a single plasmon resonance band in the visible regime at
about 520 nm,**34 while it splits into two bands for Au NRs, TSPR at short wavelength, and
LSPR at longer wavelength.®*¢ The position of the TSPR peak of the Au nanorod is roughly
the same as that of the Au nanosphere and slightly depends on the AR.3"® For the LSPR, its
position is very sensitive to the AR.28363841 The synthesized NEB can be considered as a
nanorod with flared ends.
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Figure 5.9: (a) Optical image of NEB Au NCs synthesized with varying the amount of TA as 2, 5, 7.5,
10, 15, 20 and 30 pL at 50 pL seed; (b) Corresponding UV—vis spectra recorded for the as-synthesized

solutions; (c—i) Corresponding FE-SEM images in the same order. Scale bar is 100 nm for all.
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Figure 5.10: NEB and NR with AR = 12. Simulated extinction spectra of a Au NEB for an incident
light wave with an electric field consisting of (a) both x and y components, (b) only y component, and
(c) only x component; (d) The electric field amplitude distribution corresponding to the three plasmonic
peaks. Simulated extinction spectra of an Au NR (AR = 12) for an incident light wave with an electric
field consisting of (e) both x and y components; (f) only y component; and (g) only x component; (h)
The electric field amplitude distribution corresponding to the three plasmonic peaks. The dimensions

of the simulated Au nanoparticles are shown in the insets.

To understand the additional LSPR peak of the Au NEB, the extinction spectrum of cylindrical
Au NR with AR = 12 was calculated as a comparison. In the simulation, the cylindrical Au NR
has the same dimensions (L = 54 nm, W = 4.5 nm) as those of the Au NEB. It is found that
both the Au nanoparticles possess a TSPR peak at the roughly same position: 514 nm for the
Au NEB and 507 nm for Au NR (Figure 5.10f). The Au NR with AR = 12 also exhibits two
LSPR peaks (758 and 1611 nm) (Figure 5.10g), similar to the Au NEB with AR = 12. Thus,
the presence of the additional LSPR of Au NEB could also be induced by the high AR (12) of

the synthesized Au NEB. In an earlier work, a hand-to-hand experiment-theory
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complementarity showed the appearance of higher-order multipole resonances for NRs with
ARs > 4.4 One report attributed the presence of shape impurity to the manifestation of peaks
between the TSPR and LSPR.* Other experimental observations on Au NRs with high ARs
have not assigned the peaks, creating an ambiguity on the origin of such peaks,*%° and in fact,
extinction spectra of Au NRs with high ARs and having similar widths like our Au NEBs did
not reveal the third peak.® The observation of additional bands at higher aspect ratios for Au
NRs and bipyramids have been attributed to higher-order plasmon modes.?’ Liz-Marzan and
co-workers have demonstrated a robust control over the morphology resulting in AgAUAg
bimetallic nanowire with ARs > 100 exhibiting nine distinguishable plasmonic peaks.**
However, the present work focuses on a monometallic 1D nanostructure having high ARs (7-

19) and exhibiting three plasmonic peaks.
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Figure 5.11: NEB and NR with AR = 5. Simulated extinction spectra of the Au NEB for an incident
light wave with an electric field consisting of (a) both x and y components, (b) only y component, and
(c) only x component. (d) The electric field amplitude distribution corresponding to the plasmonic peaks
for the Au NR. Simulated extinction spectra of the Au NR for an incident light wave with an electric
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field consisting of (e) both x and y components, (f) only y component, and (g) only x component. (h)
The electric field amplitude distribution corresponding to the plasmonic peaks for the Au NR. The

dimensions of the simulated Au nanoparticles are shown in the insets.

The LSPR of Au NR is known to depend on the rod shapes, for example, cylindrical, dumbbell,
and dog-bone.®4>%® Theoretical calculations with the discrete dipole approximation (DDA)
method has demonstrated that the Au NR with dog-bone shape exhibits a third peak in the
extinction spectrum while only two peaks exist for the cylinder-shaped Au NR.*® Thus, the
special shape of the synthesized Au NEB, nanorod with flared ends, could be another cause of
the appearance of the third plasmonic peak in the extinction spectrum in Figure 5.10a. As such,
the NEB and NR with smaller AR (AR = 5) are investigated. The extinction spectra of the Au
NEB (L = 22.5 nm, W = 4.5 nm, bulbous ends 8.5 nm) and cylindrical Au NR (L = 22.5 nm,
W = 4.5 nm) are shown in Figure 5.11. It is shown that with a smaller AR, the Au NEB still
exhibits two LSPR peaks: 517 and 954 nm (Figure 5.11c). In contrast, only one LSPR peak at
945 nm was obtained for the Au NR with AR =5 (Figure 5.119). Therefore, the bulbous ends
of the Au NEB indeed contribute to the existence of three plasmonic peaks, intensified by the
high ARs. The theoretical analysis thus not only points at the appearance of the new plasmonic
peak to the bulbous ends of Au NEB but also provides conclusive evidence that the synthesized

morphology is indeed a new class of morphology.

Difference between Au nano-earbud and Au nano-dumbbell: Here we clarify the major
differences between our Au nano-earbud (NEB) and Au nano-dumbbell (ND) reported

previously.

Shape. Although at first glance both look similar, the distinctive feature between them is the
separation between the bulbous ends. The separation between the bulbous ends for Au NEBs
is roughly half the entire length of the structure whereas that of Au NDs is one third of the total
length.*9°1 Additionally, the lateral dimension of the middle region for Au NEB does not

exceed 7 nm.

Synthesis method. Apart from the different experimental parameters, Au NEBs have been
synthesized using CTAB mediated Au nanospheres seeds while wet chemical syntheses of Au
NDs pertain to post modifications on Au NR seeds. Thus, several precursor parameters could

be played with to further tune the dimensions of Au NEBs and achieve an aspect ratio ~19
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(length x width in the middle: 76.9 + 8.8 nm x 3.9 £ 0.6 nm) while the AR of NDs was found
to be ~4 (length x width in the middle: 87.0 + 5.9 nm x 20.4 + 2.0 nm).%?

Optical property. The Au NDs do not exhibit 3 plasmon bands like Au NEBs. The transverse
peak observed in our work is much more intense than the transverse peak observed in either
Au NRs or Au NDs. Although, it was shown that the transverse peak was quite intense, it was
attributed to a thicker lateral dimension;>! however, in our work the lateral dimension is ~5 nm,
too small to bring about such an intense TSPR. Another report on experimental STEM-EELS
on Au nano-dumbbells (NDs) with BEM simulations identified three plasmons as two
longitudinal modes, one dipolar and one quadrupolar and a third mode of transverse dipolar
character, which the authors claimed is hardly measured experimentally.> In the present study,
we have observed three peaks both experimentally as well as through simulated theoretical

studies and the observed third new peak is a sextupole of longitudinal character.

Further from our theoretical simulations it has been shown that even when the aspect ratio is
small (AR =5), Au NEBs still exhibit 3 plasmon peaks.

5.4 Summary and Conclusions

In conclusion, we have demonstrated a new synthetic protocol to generate a novel 1D
nanostructure, Au NEB, with reasonable monodispersity, high crystallinity, and tunable Ars
(from 7 to 19). More importantly, Au NEBs with widely tunable LSPR can be synthesized
using a binary surfactant mixture of CTAC and BDAC in the classical seed-mediated growth
method. Among the various precursor parameters investigated to study the influence in
generating Au NEBs, apart from the binary mixtures of CTAC and BDAC which guided the
NEB structure, HAuCl4 was found to display the most important role as it could simultaneously
tune the length as well as the AR (from 13 to 19). Notably, we have tuned the LSPR beyond
1200 nm while retaining the dimension in the sub-100 nm regime. In addition, this new
morphology exhibits three plasmonic peaks, rather unusual for 1D Au nanostructure, with
theoretical studies attributing the new resonance peak as a higher-order longitudinal mode,
arising because of the bulbous ends of the NEB structure and intensified by the high AR. These
sub-100 nm Au NEBs with LSPR in the NIR-Il window are ideal for studies as contrast

agents for biomedical imaging where the choices are limited.
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