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CHAPTER |
INTRODUCTION

1.1 Research background and rationale

Multipod gold nanostructures such as dendritic gold nanoparticles, [1-3] gold
nanostars, [4-6] and urchin-like gold nanoparticles [7-9] have gained considerable
attention as their unique nano-enable properties could be tuned by the manipulations of
the number, size, and length of the pods. [10] The branch structures have exceptionally
strong electric field (hot spot) at the tips and gaps between pods. [11, 12] The multipod
gold nanostructures were successfully employed as SERS substrates for trace analysis
of p-aminothiophenol, [13] p-mercaptobenzoic acid [14] and lucigenin. [15] Several
chemical-based synthetic approaches for generating multipod gold nanostructures were
developed, including electrochemical, [16] galvanic replacement, [17] and seed-
mediation. [17-21] The chemical processes have attracted great interests as they are
versatile and effective. The complex gold microstructures were selectively produced
using various reducing agents and stabilizers. The reducing agents such as
hydroxylamine hydrochloride [17, 18, 21] and ascorbic acid [19, 20] were employed.
The particle size and shape were controlled by capping agents or stabilizers. Several
researchers employed silver ions (Ag") [17-21] and organic stabilizer (i.e.,
cetyltrimethylammonium bromide (CTAB)) [19, 20] for multipod nanostructures
fabrications.

In this study, we exploited the unique reaction of trace Ag* on designing urchin-
like gold microstructures (UL-AuMSs) with controllable length of nanothorns. The

organic capping agents or polymeric stabilizers were not employed in this work. We



also confirmed the governing mechanism of trace Ag* on the formation and growth of
nanothorns. Hydrogen peroxide (H202) was employed as the sole reducing agent while
trace Ag* was used as a shape-controlling agent. We took advantage of the selectively
surface passivation of chloride ions (CI") on gold surface for the formation of solid
silver chloride (AgCI) when the trace Ag* was added. The adsorbed solid AgCI on gold
surface altered the growth mechanism of the UL-AuMSs. Systematic time-dependent
SEM investigations were performed in order to gain an insight understanding on the
growth mechanism of the thorn structures. By changing the concentration of trace Ag®,
we could selectively tune the length of nanothorn. A potential application of UL-

AuMSs as a powerful SERS substrate was explored.

1.2 Objectives

To develop synthesis protocol for complex gold microstructure with gold

nanothorns using silver ions as the shape controlling agent.

1.3 Scope of the dissertation

1.3.1 Study the optimum condition for complex gold microstructure with gold
nanothorns using silver ions as shape controlling agent.

1.3.2 Study the morphology of complex gold microstructure with gold nanothorns
and explain the growth mechanism.

1.3.3 Demonstrate the application of complex gold microstructure with gold
nanothorns as substrate for surface enhanced Raman substrate (SERS) for trace

chemical analysis.
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1.4.2

Benefits of the dissertation

Understanding of the growth mechanism of complex gold microstructure with
gold nanothorns on the surface is necessary for structural synthesis control.

Using complex gold microstructure with gold nanothorns as surface enhanced
Raman substrate (SERS) is widely applied for trace chemical analysis under

Raman microscope.



CHAPTER I
THEORETICAL BACKGROUND

2.1 Nanoscience and Nanotechnology

Nanotechnology is the multidisciplinary researches covering science,
engineering, and technology to control size and shape of material at the nanometer scale
as shown in Figure 2-1. The novel properties of nanomaterials are different from their

bulks material due to highly increasing of surface area and confinement of electrons. [22]
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Figure 2-1 Multidisciplinary researches for nanoscience and nanotechnology.
Reprinted (adapted) with permission from [22] Copyright (2013) Royal

Society of Chemistry.



Via nanoscience and nanotechnology, the particle size of nanomaterials was controlled
in the range of 1-100 nm in any dimension. Nanomaterials or nanoparticles had been
emerged with unique physical and chemical properties which can be used in diverse
applications in many areas such as chemistry, biology, physics, materials science, and

engineering. [23]

2.2  Gold nanoparticles and applications

Gold nanoparticles (AuNPs) are one of the most studied nanomaterials due to
their remarkable chemical and physical properties such as superior catalytic activity,
[25, 26] electrical conductivity, [27, 28] surface functionality, [29, 30] and optical
property. [31, 32] with exceptional stability under diverse environments [24]
Especially, the optical property of AuNPs is widely applied to many research fields,
which strongly depend on their size and shape, as shown in Figures 2-2 and 2-3. This

could be explained by localized surface plasmon resonance (LSPR).
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Figure 2-2  The UV-Vis spectra and TEM micrographs for (0) spherical gold
nanoparticles and (1-5) gold nanorods at different aspect ratio.
Reprinted (adapted) with permission from [33] Copyright (2007) Royal

Society of Chemistry.
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Figure 2-3  TEM images and SAED patterns (insert figures) of different shapes of
gold nanoplates synthesized under different reaction conditions (A)
mixed nanoplates, (B) triangle-, (C) hexagon-, (D) pentagon-, and (E)
star-shaped gold nanoplates. (F) UV/Vis spectra of gold nanoplates.
Reprinted (adapted) with permission from [34] Copyright (2010) John

Wiley and Sons.

2.3  Localized surface plasmon resonance (LSPR)

The relation of metal nanoparticles and electromagnetic field enhancement were
thoroughly explained by localized surface plasmon resonance (LSPR), as shown in
Figure 2-4. When the particle size of metal is reduced to nanoscale, electron on the
surface of metal nanoparticles is localized by quantum-size effect. [35] The group of
electron on metal nanoparticle surface or electron cloud can oscillate or move in
specific direction. The oscillation of electron cloud is called plasmon oscillation. When
incident photon interacts with surface of metal nanoparticles with a similar frequency
of plasmon oscillation, an electromagnetic field will be enhanced by resonance

frequency between photon and plasmon.



Figure 2-4  Schematic illustration of electron cloud oscillation generating localized
surface plasmon resonance (LSPR) of metal nanospheres. Reprinted
(adapted) with permission from [36] Copyright (2003) American

Chemical Society.

This result can produce strong light absorption, high electric field enchantment
and high thermal flux on metal nanoparticles which can be applied in color metric
sensor, surface enhanced Raman scattering and thermal plasmonic. The plasmonic
properties of AuUNPs were widely used in many applications as shown in previous part
due to precisely structural controllability, high durability in strong redox condition, ease
of surface functionalization and optically tunable in visible region. The LSPR
properties directly depend on morphology (particle size and shape) and surrounding
medium. [36] Therefore, the basic knowledge of engineering nanostructure could be
necessary for tuning plasmonic properties to meet the appropriated applications such as
colorimetric hydration sensor for sport activities (Figure 2-5), [37] plasmonic heater in
cancer therapy (Figure 2-6), [38] light trapping in solar cell (Figure 2-7), [39] and
surface enhanced Raman scattering (SERS) substrate for selective detection of

pollutants in real environments (Figure 2-8). [40]



Ascorbic acid stabilized AuNPs

Over-hydration(red) Normal Dehydration(grey)
condition(purple)
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Figure 2-5  Schematic illustration of the colorimetric dehydration sensor on
aggregation of gold nanoparticles for sport activities. Reprinted

(adapted) with permission from [37] Copyright (2016) Elsevier.

hv at 808nm

Figure 2-6  Schematic illustration of the gold nanorods at near-IR wavelengths
leading to thermal cycloreversion of the tethered endoperoxides and
yielding singlet oxygen for cancer therapy by plasmonic heating.
Reprinted (adapted) with permission from [38] Copyright (2016) John

Wiley and Sons.



Figure 2-7

Figure 2-8

c-Si film

Spherical NPs
®

Schematic illustration of scattering patterns in ultrathin c-
SI/PEDOT:PSS hybrid solar cell (a) without gold nanoparticles, (b)
spherical and (c) multispiked nanoparticles. Reprinted (adapted) with

permission from [39] Copyright (2014) American Chemical Society.

. Au NPs/nickel
 d f(::”” iete fe l-octadecanethiol @ PAHs

Schematic illustration for the fabrication process of the 3D gold
nanoparticles (AuNPs)/nickel foam as SERS substrate and their
application for selective detection of poly aromatic hydrocarbons
(PAHS) in real environments. Reprinted (adapted) with permission from

[40] Copyright (2015) Royal Society of Chemistry.
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2.4  Surface enhanced Raman spectroscopy (SERS)

Raman spectroscopy was widely used for trace chemical analysis in
environment, food safety, forensic and medical diagnosis. The potential of Raman
spectroscopy for chemical detection in analytical chemistry is from micromolar to
single molecules. However, the signal obtained from Raman scattering is weak~0.001%
of the incident photons producing Raman scattering but approximately 99.999% of
incident light as Rayleigh scattering. In order to increase Raman signal, surface
enhanced Raman spectroscopy (SERS) was developed. Raman signal-enhanced
process on metal substrate is activated by chemical and electromagnetic effect. The
electromagnetic enhancement is the main parameter to give a large Raman signal
enhancement of 10%* times comparing with unenhanced signal. The electromagnetic
effect on SERS phenomenal could be explained by LSPR on metal nanoparticles
employed as substrate in SERS technique, as shown Figure 2-9. [41]

There are two processes to enhance electromagnetic field in SERS. Firstly, the
local electromagnetic field enhancement is generated around metal nanoparticles by the
incident photon with initial frequency (wo). Plasmonic activity serves as receiving
optical antennae to convert the far field (incident photon) to the near field on surface of
metal nanoparticles. Subsequently, the Raman scattered frequency (wr) form adsorbed
Raman active molecules on metal surface were enhanced by near field, which are
typically one to three orders of magnitude larger than those of the free molecules. The
enhancement power in this step is relative to the square of the local electric field (Eioc)

at wr. [42]
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Figure 2-9  Principle of the surface enhanced Raman scattering. Reprinted (adapted)

with permission from [42] Copyright (2016) Nature Publishing Group.

The enhancement factors of the first and second steps (G1(wo) and G2(wr), respectively)
are approximately proportional to the fourth power of the enhancement of the local
electric field (which Eioc and Eo are the local electric fields in the presence and absence

of nanoparticles, respectively), as shown in Eq. 2-1. [42]

2
|Eloc(030)| |Eloc((0R)|2 _ |E10c((DR)|4
|Eo(w0)I?|Eg(0r)I? |Eg(wo)[*

G =G (09)G,(wR) = (Eq. 2-1)

2.5  Synthesis of AUNPs

The synthesis protocols of AuNPs could be separated into top-down and
bottom-up process as shown in Figure 2-10. The top-down process is the method that
diminish size or volume of bulk materials to nanoparticles. On the other hand, bottom-
up processing is the method to accumulate atoms or molecules into nanoparticles. The

particles size could be controlled by degree of diminishing or accumulating. [43]
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Generally, the synthetic protocols of AuNPs can be done in physical and chemical

approach, respectively. [44]

Assembly lirom
AtomsAlolecules
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Figure 2-10 Top-down and bottom-up approaches in nanotechnology. Reprinted
(adapted) with permission from [43] Copyright (2012) Royal Society of

Chemistry.

2.5.1 Synthesis of AUNPs in physical approach

In this approach, the bulk gold metal will be decreased its size and formed gold
AuNPs with difference size and shape bymechanical process for example; the electron-
beam lithography that made gold nanostructures for surface-enhanced Raman substrate
(SERS) (Figure 2-11), [45] the thermal evaporation technique that fabricated the
ultrathin gold nanoparticles for light trapping in organic photosensitive diodes (Figure
2-12), [46] and the laser ablation technique that synthesized gold nanoparticles in
deionized water for simultaneous electrochemical detection (Figure 2-13). [47] These
methods are high precision for fabricating 2D gold nanostructures. However, the

physical methods have many disadvantages; (1) they are expensive, (2) they compose
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of several complicated steps and set-ups and (3) they could not synthesize 3D

nanostructures.
e-beam
= -
ul Resist
/ Au evaporation Au nanostructure

- = -" Plasma

e-beam writing Development ‘/ l \
- I - .

Plasma etching  Au nanostructure
Figure 2-11 Schematic of the processes for the fabrication of nanostructued SERS
substrates. Reprinted (adapted) with permission from [45] Copyright

(2012) Institute of Physics Publishing.
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Figure 2-12 The schematic diagram for vacuum thermal evaporation technique to
fabricate the ultrathin gold nanoparticles for light trapping in organic
photosensitive diodes. Reprinted (adapted) with permission from [46]

Copyright (2015) Royal Society of Chemistry.
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Au Target

Au nangparticle

Laser

Figure 2-13 Schematic illustration of laser ablating gold target in water for
simultaneous electrochemical detection. Reprinted (adapted) with

permission from [47] Copyright (2014) American Chemical Society.

2.5.2 Synthesis of AuNPs in chemical approach

Bottom-up process by chemical methods are main method in nanoscience and
nanotechnology which produce fancy nanostructures such as one-dimensional (1D)
nanowires (NWSs), nanorods (NRs), and nanotubes (NTs), two-dimensional (2D)
nanoplates, and three-dimensional (3D) hierarchical structures. [48] In the case of
AUNPs, the redox reactions between tetrachloroauric (AuCls’) and reducing agent play
important roles in engineering gold nanostructures. Many reducing agents have been
used to produce fancy structures of AuNPs such as hydrogen peroxide (H202) (Figure
2-14), [49] ascorbic acid (CeHgOe) (Figure 2-15), [50] and hydroquinone (CsHsO2)
(Figure 2-16). [51] AuCls is easily reduced by weak reducing agents due to the high

reduction potential of AuClys’, as shown in Eqgs. 2-2—2-4. [49-52]

AUCI;+3e — AU +4CI E% =+1.002V (Eg. 2-2)
H.02 — O+ 2H"+2¢ E% =-0.695V  (Eg. 2-3)
CsHgO6 —  CeHeOs +2H* +26° E°%%=-0553V  (Eq. 2-4)

CsH602 —  CeHiOz+2H' +26° E°%%=-0.700V  (Eq.2-4)
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Size and shape of gold as well as other metal nanoparticles as shown in Table
2-1 can be controlled by many synthesis parameters such as reducing agents, metal
precursors, solvent, capping agents, and polymeric species for surface protecting
agents. These parameters have strong impacted on the crystal growth of metal

nanostructures. [53]

i i [ ] ® ii “' * :I iii - 2 .."'- . i: '.
* . " Se TG0 o .
® .
Y L L .'i: . * . e
L] & 1 -.. l““ . s e |
e @ » ' 0L g v L L
* f!l nm @ : .;‘w nm o 100 nm e .ﬂ:"-f,lﬁ

Figure 2-14 TEM images of the nonionic fluorosurfactant-stabilized spherical
AuNPs obtained from different concentrations of hydrogen peroxide (i)

0.03, (i) 0.07, (iii) 0.2, and (iv) 0.6 M. Reprinted (adapted) with

permission from [49] Copyright (2012) Royal Society of Chemistry.

Figure 2-15 TEM micrographs of gold nanorods prepared in the presence of n-alkyl
trimethylammonium bromide (CnTAB) such as (a) C10TAB, (b)
C12TAB, (c) C14TAB, and (d) C16TAB as capping agent and using
ascorbic acid as reducing agent in growth solution. Reprinted (adapted)
with permission from [50] Copyright (2003) American Chemical

Society.
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Figure 2-16

TEM micrographs showing formation of gold nanostars using

hydroquinone as reducing agent in growth solution. Reprinted (adapted)

with permission from [51] Copyright (2011) Royal Society of

Chemistry.
Table 2-1 A summary of different morphology of metal nanocrystals. Reprinted
(adapted) with permission from [53] Copyright (2009) Royal Society of
Chemistry.
Structures Shapes Sghemat'c Metals
rawing
Single- perfect/truncated . Pd, Ag, Au, Pt, Cu,
crystal cubeld . Rh, Bi, Fe
perfect/truncated e
octahedronf® Pd, Ag, Au, Pt
perfect/truncated
tetrahedron® Ag, Au, Pt, Rh
rectangular bar - Pd, Ag, Pt

octagonal rod

Pd, Au, Fe, Co, Ni

rectangular or
octagonal wire

Qg

Pd, In, Sn, Sh, Fe, Co
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Structures Shapes Sghemat'c Metals
rawing
Singly : , : ’
rwined right bipyramid Pd, Ag
beam =D Ag
Multiply detahedron® @ Pd, Ag, Au
twined
icosahedronl® @ Pd, Au
five-fold twined Pd, Ag, Au, Cu
pentagonal rod
five-fold twined / N
pentagonal wire
Triangular/hexagonal q @ Pd, Ag, Au, Cu, Pb,
plate Bi, Co, Ni
disc 0 Sn, Co

[a] Platonic solid

2.6 Growth mechanism of AuNPs

2.6.1 Homogeneous and heterogeneous nucleation

Nucleation is the process which nuclei (seeds) function as templates for crystal
growth. Homogeneous nucleation is a situation where nuclei developed uniformly in
the parent phase. On the other hand, heterogeneous nucleation is the formation of
structure in homogeneities (containing surfaces, impurities, and grain boundaries). [54,
55] The process of homogeneous nucleation is considered thermodynamic process
based on Gibbs free energy (AG) consisting of bulk free energy (AGv) and surface free

energy (o). [54, 56]
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In the homogeneous nucleation, at saturation concentration (Cs) as shown in
Figure 2-17a, gold ions were reduced to gold atoms, and started to aggregate into gold
clusters (nuclei) due to reducing free energy within the system. The nuclei assemble
into nanocrystals or seeds. When the concentration of seeds reacts the highest
concentration (Cs), seeds start to accumulate to nanoparticles. [53, 55] The AG of
homogeneous nucleation (AGy,,,) could calculate as follows: [54, 56]
AGhom = A + AG,V (Eq. 2-5)
Where AGv, V, 6 and A are bulk free energy per unit volume, volume, surface free
energy per unit area, and surface area of the new phase, respectively. V and A depend
on the shape of gold nuclei. [56] On the other hand, in the heterogeneous nucleation, if
nucleation occurred in a system containing pre-synthesized nanocrystals or seeds, the
AG can be significantly changed. [55] The AG of heterogeneous nucleation (AGpe;)
could calculate as follows: [54, 56]
AGrer = AGpom(®) (Eq. 2-6)
Normally, AGnet was less than AGhom due to the term of energy reduction factor
(F). If the new nuclei can wet with adding nanocrystal or seed, supersaturation
concentration of nanocrystal or seed is not required for nucleation, as shown in Figure
2-17b. Nanopartilces in this system consume nanocrystal or seed at a concentration less

than the supersaturated concentration for homogeneous nucleation. [55, 56]
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Figure 2-17 Schematic illustrations involved in the formation of nanoparticles
through (a) homogeneous nucleation and (b) heterogeneous nucleation.
Reprinted (adapted) with permission from [55] Copyright (2015) Oxford

University Press.

2.6.2 LaMer Mechanism

This mechanism explain the formation of crystals by seperation the process into
seed generation, nucleation and growth. The process of nucleation and growth were
explined by the LaMer mechanisum, as shown in Figure 2-17a. (1) a rapid generation
of gold atom produced large number of nuclei in solution. (2) number of nuclei were
raplidly increase with a concomitant drop in the concentration of gold ions. (3) after the

nucleation, the growth of particles were controlled by the diffusion process. [54]
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2.6.3 Orientated attachment

The orientated attachment occures as two primary nanoparticles jointed together
by the same crystalline facet, as shown in Figure 2-18. [57] The attached particles will
adjustment and accumulation with each other until the crystallographic orientation of
the two crystals matched. The two particles must be within 0.5-1.0 nm vicinity of each
other for orientated attachment to occur. The Coulombic force was proposed as the

major driving force for this attraction. [54, 58]

Figure 2-18 Progression of chain development in titania crystallites: (a) single
primary crystallite and (b) four primary crystallites forming a single
crystal via oriented attachment. Reprinted (adapted) with permission

from [58] Copyright (1999) Elsevier.

2.6.4 Crystal growth pattern

By LaMer growth mechanism, during the nucleation step, the maximum
concentration of metal atom in system or supersaturation will control the crystal growth
of metal nanoparticles. [53] That means the patterns of metal atom deposition on metal
nanoparticles such as dislocation-driven, layer-by-layer and dendritic growth was

controlled by the supersaturation as shown in Figure 2-19. [59]
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Figure 2-19 Schematic illustrations for growth rate of different crystal growth pattern
comparison with supersaturation concentrations. Reprinted (adapted)

with permission from [59] Copyright (2015) Springer.

2.7  Dendritic growth

At high supersaturation (Figures 2-17a and 2-19), the dendritic growth
mechanism is prominent for controlling the growth of crystal in the system. The high
precursor flux at the crystal surface promoted non-equilibrium monomer aggregation.
The rate of diffusion from the surrounding environment limits the crystal growth on
surface or diffusion-limited aggregation (DLA). Moreover, kinks or corners of the
crystal have the highest concentration flux between the high-supersaturation reaction
media and the crystal surface. Therefore, the growth rate in these positions is the fastest,
which usually generates crystals with rough surfaces and fractal patterns like
snowflakes. [48] In dendritic gold nanostructures,these structures have the
characteristics of trunk and brunches with single crystals with a (111) plane and grew
angle ~60° which refers to the crystal growth along the (211) direction as shown in

Figure 2-20. [60]
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The dendritic gold nanostructures were widely used as substrate in surface-
enhanced Raman scattering (SERS) for trace chemical analysis because a large of
electric field enhancement or “hot sport” was formed on tips and corners of dendritic
structures. Many chemical compounds from low concentration to single molecules such
as rhodamine 6G (R6G), [13] rhodamine B (RhB) [61] and p-aminothiophenol (PATP)
[62] could be detected SERS signals by dendritic gold nanostructures. Moreover,
dendritic gold nanostructures could change and develop to other structures such as

flower-like, urchin-like and meat ball-like structure as shown in Figure 2-21. [62]

0.24nm (111)

Inm
||
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I

Figure 2-20 (a) A typical TEM image of trunk with symmetric leaves of dendritic
gold nanostructure (the inset shows the corresponding SAED pattern).
(b) HRTEM of the area marked in (a). Reprinted (adapted) with

permission from [60] Copyright (2011) American Chemical Society.
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Figure 2-21 SEM images of structural evolution of dendritic growth from (a)
irregular shape to (b) urchin-like, (c-e) flower-like, and (f) meat ball-like
gold nanostructures under variation concentration of shape controlling
agents. Reprinted (adapted) with permission from [62] Copyright (2009)

American Chemical Society.
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CHAPTER 111
EXPERIMENT

3.1 Chemicals and materials

8.

9.

. Ammonium hydroxide (NH4sOH), 25% (w/w), Merck (Thailand)

. Hydrochloric acid (HCI), 37% (w/v), Merck (Thailand)

Sodium chloride (NaCl), Merck (Thailand)

. Hydrogen peroxide (H20.), 30% (w/w), Merck (Thailand)

Nitric acid (HNO3), 25% (w/w), Merck (Thailand)

Sodium nitrate (NaNOs3), Merck (Thailand)

. Silver nitrate (AgNOs, purity > 99.8%), Merck (Thailand)

Tetrachloroauric (I11) acid (HAuUCI4), Sigma-Aldrich

Sodium borohydride (NaBHa), Merck (Thailand)

10. Rhodamine 6G (R6G), Sigma-Aldrich

11. Spherical gold nanoparticles (size~20 nm, O.D. =1), Sigma-Aldrich

All chemicals were analytical grade and were used as received. Deionized (DI)

water was used as a solvent throughout this study. All glassware was cleaned with

detergent and soaked in aqua regia for 30 min before thoroughly rinsing with DI water

several times before using. A great caution was always implemented when dealing with

the highly corrosive aqua regia: a mixture of concentrated HCIl and HNOs at a volume

ratio of 3:1.
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3.2 Instruments
1. Ocean optics USB4000 fiber optic spectrometer
2. Hitachi Model H-7650 transmission electron microscope
3. JEOL JSM-6510 scanning electron microscope coupled with energy
dispersive X-Ray (EDX) detector

4. Thermo scientific DXR Raman microscope

3.3  Synthesis of UL-AuMSs

UL-AuMSs were synthesized by a one-pot procedure with H2O; as a reducing
agent without a stabilizer as shown in Figure 3-1. Briefly, H,O> solution (9 M, 3 mL)
with added AgNOs (5—400 uM) was rapidly syringe-injected into a test tube containing
HAuUCI4 solution (0.5 M, 3 uL). The mixture was vortexed for 20 s before leaving
undisturbed. The yellow HAuCl4 solution turned blue-green before precipitating as
reddish-brown gold particles. During a 5-min reaction period, a liberation of small
bubbles indicated a progress of the redox reaction. The precipitated gold particles were
collected by decantation of supernatant. The particles were soaked in NH4sOH solution
(5 M, 3 mL) under ultrasonic in order to remove AgClI film by changing into a water-
soluble silver-amine complex. The gold particles were centrifugally separated before

thoroughly washed with DI water several times.



26

-

%
A B C D E
Figure 3-1  Schematic illustration shows sequence of operations for the synthesis of
UL-AuMSs: (A) loading of HAuCls, (B) injection of Ag® containing

H20,, (C) vortex (D) precipitation and separation, (E) cleaning with

NH4OH.

3.4  SEM Characterization

All SEM images were taken under at high vacuum mode using acceleration
voltages of 10-30 kV with secondary electron imaging (SEI) detector. Elemental
analysis was carried out using an energy dispersive X-ray spectrometer (EDS). The
gold microstructures were deposited onto a carbon tape attached on a stainless steel
stub for SEM analysis. For time-dependent SEM investigation, the UL-AuMSs were
rapidly transferred onto a carbon tape by a flash-flow technique. Briefly, at a pre-
determined time, an aliquot of 10 uL of the reacting solution was dispensed onto a tilted
carbon tape-covered stub. The UL-AuMSs stuck on the carbon tape was immediately
dried by an air jet. The adhered UL-AuMSs were cleaned by a continuous flow of DI
water. The specimen was vacuum dried before SEM imaging. The adhered particles on
carbon tape were cleaned by a continuous flow of DI water and vacuum dried before

further characterization.
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A B C D

Figure 3-2 A Schematic illustration of a flash-flow sampling of UL-AuMSs for time
dependent SEM investigation: (A) deposition of UL-AuMSs on tilted

stub, (B) air jet drying, (C) washing, and (D) vacuum dried.

3.5 SERS measurement

All SERS spectra were collected by Raman spectrometer using 50x objective
with a spot size of ~1 um. Diode laser with 532 nm excitation wavelength at 0.1 mW
was employed. The measurements were conducted with 1 s exposure time and
128exposure numbers. To prepare a specimen for SERS measurement, the NH4sOH-
cleaned UL-AuMSs (~0.3 mg) were incubated in R6G solution (0.01 nM-1 uM, 3 mL)
for 15 min before centrifugal separation. The R6G-immobilized UL-AuMSs were
cleaned with DI water twice in order to remove the un-bound R6G.The cleaned R6G-
immobilized UL-AuMSs were suspended in deionized water before deposition on an

aluminum foil or gold microplate-coated carbon tape for SERS measurement.

3.6 Monitoring the shape evolution of HS-AuMSs
Hemi-spherical gold microstructures (HS-AuMSs) were synthesized by the
reduction of HAuCl4 using H20> as a reducing agent without any stabilizer. A clear

polyethylene box (5x5x0.5 cm) with mica sheet was set as shown in Figure 3-2. Then,
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the test tube containing HAuCl4 solution (0.5 M, 30 pL) was rapidly syringe-injected
into H.O> solution (9 M, 3 mL). The mixture was vortexed for 20 s and suddenly
transferred to setting box (Figure 3-3) before leaving undisturbed. The yellow HAuCl4
solution turned blue-green before precipitating as reddish-brown gold particles. The
gold particles deposited on mica sheet were rinsed by DI water several times before
transferred onto carbon tape on a stainless steel stub for SEM analysis. The sampling

spots on mica sheet (A-B, Figure 3-3) were 1-cm apart.

Micasheet

A —»
B —»
CTio P

D —

Figure 3-3  Schematic illustration for monitoring the shape evolution of HS-AuMSs.

3.7 Synthesis of UL-AuNPs

Urchin-like gold nanoparticles (UL-AuNPs) were synthesized without a
stabilizer via a one-pot procedure using H2O; as a reducing agent. H2O2 (9 M, 3 mL)
with 25 uM of AgNO3 was poured into a test tube containing HAuCls (0.5 M, 0.3 pL)
and spherical gold nanoseeds (150 pL). The yellow HAuCl4 solutions transformed into
a blue-green solution as UL-AuNPs were generated. The colloid was diluted to 0.1 mM
by DI water for UV-Vis measurement. A solution of 1 uL. UL-AUNPs was deposited

and dried on a carbon coated grid for TEM analysis.
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CHAPTER IV
RESULTS AND DISCUSSION

4.1  Reducing capability of H20:

H>0O> is well-known as oxidizing agent. However, under appropriate conditions,
it can act as mild reducing agent. There are many reports demonstrated that H>O, was
employed as an efficient reducing agent for fabrication of gold nanosheets [52] and
gold nanoparticles (AuNPs). [63] In this work, H.O, was employed as the sole reducing
agent for the design and manipulation of UL-AuMSs with trace Ag" as the shape
controlling agent (Figure 4-1). H202 can turn Au®* as the pale yellow mixture of H20;
and Au®* into colorless of UL-AuMSs within 5 min. The reduction of HAuCI4 by H20;

in acidic condition was reported elsewhere as Eqs. 3-1-3-3. [52, 63, 64]

AUCIy + 3¢ —~  Au+4Cr E% =+1.002V (Eq. 3-1)
H,0» ~ Qg+ 2H +2¢ E% =-0.695V (Eq. 3-2)

2AUCI +3H,0, = 2Au+30; + 8CI+6H*  Eqr =+ 0.307 V (Eq. 3-3)

The reddish-brown precipitate, which is a signature of gold micro particles [65],
was quasi-sphere gold microstructures (QS-AuMSs) with average particle size of 1.8
um (Figure 4-1A). The high concentration of H.O; facilitated a rapid reduction of Au®*
while the absent of stabilizer promoted the formation of the highly stable quasi-sphere
gold microstructures. [63] However, H2O, cannot reduce Ag* into silver atom under an
acidic condition. [66, 67] There was neither reaction nor product when silver nitrate
was mixed with H,O; (Figure 4-1B). When Au®* solution was mixed with Ag* solution,

solid AgCI instantaneously precipitated as chain-like aggregates of ~0.2 um primary
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particles (Figure 4-1C). The chain-like structures were AgCl as it withstood HNO3 but
instantaneously dissolved in NH4sOH (data not shown). [68, 69] When a solution of
H.O with trace Ag* was mixed with a solution of Au®*, the pale yellow mixture of
H,0, and Au®*" turned colorless within 5 min with a concomitant precipitation of
reddish-brown gold particles. The precipitants were ~1.8 um UL-AuMSs with a
uniform distribution of ~700 nm thorn on their surfaces (Figure 4-1D). Interestingly,
the chain-like structures of AgCI were not observed in Figure 4-1D. Instead, AgCI film
was detected on gold surface as confirmed by SEM-EDS measurements (Figure 4-2).
The results in Figure 4-1 and Figure 4-2 suggested that Ag* involved in the formation

and growth of the thorn structures.

B: No reaction
[Au3*]=0mM
[Agt] =25 uM
[H,0,]=9M

C: AgCl microparticles D: UL-WJMS% :
[Au3*] = 0.5 mM [Au3:j‘='0.‘5 mM
[Agt] =25 uM [AgT]=25 um
[H,05]=0M [Hz‘@z]zg N!

Figure 4-1  SEM images of products from the reaction of Au**, Ag*, and H,O2: (A)
QS-AuMSs, (B) No reaction, (C) chain-like AgCl microparticles, and
(D) UL-AuMSs. The reaction ingredients are shown in the figures. Scale

bars indicate 1 pm.
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SEM images, EDS spectra, and elemental composition of UL-AuMSs:
(A) as-synthesized, (B) after cleaning with 5 M HNO3z and (C) after
cleaning with 5 M NH4OH. The UL-AuMSs were synthesized using 0.5
mM Au®**, 9 M H,0,,and 25 pM Ag*. As confirmed by EDS spectra and
elemental compositions, AgCI physically adsorbed on the surface of as-
synthesized UL-AuMSs. AgCl do not dissolve in HNOs of any

concentration but effortlessly dissolves in NHsOH.
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4.2  The influences of Ag* on UL-AuMSs

To gain an insight understanding on the roles of trace Ag™, firstly, we explore
the optimal concentration of Au®* and H.O, for UL-AuMSs fabrication. Under a fixed
concentration of Ag* at 25 pM and low concentration of Au** at 0.5 mM, the UL-
AuMSs were obtained (Figure 4-3A-3C). The particle size and thorn length increased
with increasing H.O> concentration. Note: the maximum concentration of
commercially available analytical grade H20: is 30% w/w (~9.8 M). At higher
concentrations of Au®** (2.5 and 5.0 mM) the flower-like gold microstructures (FL-
AuMSs) were obtained (Figure 4-3D-31). The complexity of the flower-like structures
increased with increasing H.O> concentration.

A:[Auw] = 0.5 mM 1B awgg05 R C:lAuw = 0.5 mM™
[H,0,] =1 M [H,0;] %M “"zoz.]‘= S M

*[Agi &0s iy ; [Ag]= zsm/b [Ag] =25 uM
. Ea

LA ‘
‘. i =

D:[Aut = 2.5mM' T EMABTE2.5 mM ; BRA L] = 2.5 MM
[H:0;]=1M [H.0:]=3'M Y [Ho@5 = © M
[Ag]=25pM [Ag] =254EM. = 4 [AETS25 p,

AL, '

G:{Au] £5 mM H:[Aw = Synm I: Awd =SimMes
[H0;]=1M e o [H20,]=3 M [H;0,]=9M
[Ag:]= 25 1M Thg-25M [Ag = 25 ull
_ : ., e

Figure 4-3 SEM images show variation of gold microstructures at various
concentrations of Au** and H,O, under a fixed concentration of Ag* (25
KUM). The reaction ingredients are shown in the figures. Scale bars

indicate 2 um.



33

At high concentration of H2O, (9 M), the reactions completed within 5 min
confirmed by clear solution of supernatant after adding NaBHa, while those at lower
concentrations (0.5 and 1 M) completed within 30 min. The QS-AuMSs were always
obtained in the systems without Ag* as shown in Figure 4-4. The quasi-spherical shape
synthesized at 3 and 9 M of H2O, with narrow size distribution suggests a complete
separation of the nucleation and growth periods. [70, 71]

[H505] =1 M, Jo el "8 "‘r'%[Hz@

Y
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M 2y
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Figure 4-4 SEM images show variation of gold microstructures at various
concentrations of Au®" and H,O,. The reaction ingredients are shown in

the figures. Scale bars indicate 2 pm.

Based on the microstructure shown in Figure 4-3C, a high concentration of H20>
(9 M) and low concentration of Au®* (0.5 mM) were necessary for the fabrication of
UL-AuMSs. Gold microstructures as FL-AuMSs synthesized at low concentration of

H>O, (1 and 3 M) were obtained in Figure 4-5A and 4-5B, respectively. When a
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moderate concentration of H2O2 (7 M) was employed, gold microstructures with petals
and thorns were produced (Figure 4-5C). As a result, we used 9 M H20, and 0.5 mM

Au®* with different concentrations of Ag* for our further investigation.

~ : : .
A: [AU%] =0.5 mMe & © [AUP] =0.5imM S
+ + — 7 ,‘
[Ag'] 328uM" (Ag'] @z 28 M
[HOb =1 M
..’

&

Py .

Figure 4-5 SEM images of gold microstructures synthesized using (A) 1 M, (B) 3
M and (C) 7 M H;0,. The concentration of Au** and Ag* were kept
constant at 0.5 mM and 25 pM, respectively. These microstructures

contained both petals and nanothorns.

Figure 4-6 shows structural evolution of UL-AuMSs as the concentration of Ag*
was increased up to 300 pM. The thorn structures developed when Ag™ was presented.
Without Ag*, QS-AuMSs with an average particle size of 1.8 um were generated
(Figure 4-6A). When Ag" concentrations were increased, UL-AuMSs of smaller
particle sizes and shorter thorn lengths were obtained. The UL-AuMSs with a maximum
particle size of ~1.8 um and thorn length of ~700 nm were produced using 25 uM Ag"*
(Figure 4-6B). At this concentration, solid AgCl was not observed with the precipitated
UL-AuMSs. Interestingly, the particle sizes and thorn lengths decreased with an
increase of Ag" concentration. At 300 uM Ag" (Figure 4-61), small UL-AuMSs with
particle size of ~130 nm and thorn length of ~30 nm developed together with a
formation of solid AgCl. At 400 uM Ag*, a milky white AgCI colloid was obtained

without any UL-AuMSs.
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Figure 4-6  SEM images show structural change of UL-AuMSs as the concentration
of Ag* was increased: (A) 0, (B) 25, (C) 50, (D) 75, (E) 100, (F) 150,
(G) 200, (H) 250 and (1) 300 pM. The concentration of Au®** and H,0>
were kept constant at 0.5 mM and 9 M, respectively. The insets show

enlarged images. Scale bars indicate 3 um.

After a dissolution of solid AgCl by NH4OH, the colloid turned bluish indicating
the existence of large gold nanospheres. At relatively low concentrations of Ag* (5 and
10 puM), QS-AuMSs with small buds (short thorns) were developed (Figure 4-7). The
observed phenomena suggested that trace Ag® induced the formation of thorn
structures. However, a high concentration of Ag" (at least 25 uM) was necessary for
the formation of long nanothorns. From the results as shown in Figure 4-6 and Figure
4-7, Ag* did not only initiate the formation of thorn structures but also restrict the

elongation of thorn at high concentration (i.e., greater than 25 uM). Table 4-1
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summarizes the particle sizes, thorn lengths and number of thorns per particle of the

synthesized UL-AuMSs.

A: [Au3]= 0.5 mM LB [AUCH= 0B mM Y
[Ag*] =0 uM [AgT#5 uM s
[H0,] =9 M .‘_‘_202] =9 M

D: [AuHE= 016 mM
[Ag'] =25'uM
[H03] =9 M

»

A

et

h

Figure 4-7  SEM images of gold microstructure synthesized using (A) 0, (B) 5, (C)
10, and (D) 25 puM Ag* as the shape controlling agent. The
concentrations of Au®" and H,O, were kept constant at 0.5 mM and 9 M,

respectively.
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Table 4-1  Average diameters and average thorn lengths of UL-AuMSs shown in

Figure 4-6. (The data were calculated from 150 particles).

[Ag™] Particle diameter  Thorn length Number of thorns

Fig. (LM) (d, nm) (1, nm) per particle

A 0 1855+330 - -

B 25 1799+£317 708+127 64+13

C 50 1330+314 638+130 52+8

D 75 550181 288147 40+5

E 100 410+£55 187+43 265

F 150 389+60 166+40 14+5

G 200 240+34 99+26 11+2

H 250 193+35 60+10 10+2

I 300 129+26 32+6 442

4.3  The growth mechanism of UL-AuMSs

To follow the development of QS-AuMSs and UL-AuMSs, we performed time-
dependent SEM investigations using a flash-flow deposition technique to attach the
growing microstructures onto carbon tapes. The sample synthesized under the same
condition of Figure 4-6B (0.5 mM Au**, 9 M H,0, and 25 uM Ag*) was investigated
since it provided UL-AuMSs with the longest thorn length. In the system without Ag™,
the small FL-AuMSs (Figure 4-8A1) grew into more complexes and bigger flower-like

structures (Figure 4-8A2 and 8A3).
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Figure 4-8 SEM images show time-dependent structural evolution of gold
microstructures: (A) QS-AuMSs without Ag*™ and (B) UL-AuMSs with
25 UM Ag'. The concentration of Au®* and H.O, were kept constant at

0.5 mM and 9 M, respectively. The scale bars indicate 1 pum.

The small FL-AuMSs perpendicularly grew on a basal plane. The development
of perpendicular petal structures was due to the stress relief mechanism via an
introduction of structure with large lattice mismatch. [72, 73] The further growth
induced an aggregated attachment and deposition of AuNPs to fill the gaps between
petals (Figures 4-8A4 and 4-8A5). Finally, the QS-AuMSs were obtained while the

gaps were fully filled (Figure 4-8A6). Surprisingly, in the system with trace Ag®, we
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found that UL-AuMSs were also developed from small FL-AuMSs (Figures 4-8B1 and
4-8B2). The TEM images and SAED suggested that the petals of small FL-AuMSs were
gold nanosheets with (111) basal planes (Figure 4-9). The crystal facets are directly
related with interplanar spacing (d) which calculated from distance between two bright

spots of SAED pattern (R) as follows:

d = (Eq. 3-4)

The d values were calculated form SAED pattern (Figures 4-9A-C (inserted figures))

as ~2.4 A that is characteristic of (111) lattice spacing of the fcc Au crystal. [13, 60]

Figure 4-9  TEM images with insert SAED images of gold nanopetals after a 40-s
reaction time from the systems: (A) without Ag" and (B) with 25 pM
Ag". (C) A gold nanothorn after a 140-s reaction time from the system
with 25 uM Ag*. The concentration of Au** and H,O, were 0.5 mM and

9 M, respectively.

The small petals developed into thorn structure due to the deposition of AuNPs
at the tip of the trunks instead of filling in the gaps or bound onto the (111) facets. The
deposited AuNPs underwent via aggregated attachment, grains rotation, and grains

relaxation (Figure 4-10) [74] as the thorn grew under an assistance of Ag".



40

™N
AT
N-;’

)
]

Xt/

Aggregates attachment

|

//\/_Qi
-~ T
\ 1 )
4 A
//l
p—_ @

Grains rotation

{
/”—\dﬁ
= \zgg

/AI8

S——

Grains relaxation

Figure 4-10 Schematic representation shows the proposed morphological and
structural evolution during a dendrite growth. Reprinted (adapted) with

permission from [74]. Copyright (2012) American Chemical Society.

Within 140 s, FL-AuMSs transformed into fully developed UL-AuMSs (Figures
4-8B3-B6). SEM-EDS images suggested that the UL-AuMSs were covered by solid
AQCI (Figure 4-11). It was proven that CI" is preferentially adsorbed on Au (111) facets
especially for those of nanoplates and nanosheets. [75, 76] The added Ag* reacted with
ClI" and formed solid AgCl which physically adsorbed on the surface of the
petals/thorns. [17, 18] The adsorbed AgCI altered the growth pathway of petals as it

prevented the deposition of AuNPs on Au (111) facets. The TEM images and SAED
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confirmed that the nanopetals and nanothorns were covered with (111) facets (Figure

4-9).

3.0 = i cl
Figure 4-11 (A) An SEM image of UL-AuMSs and the corresponding EDS elemental
maps of (B) Au, (C) Ag, and (D) CI. A good correlation between Ag-
map and Cl-map confirm the formation of AgCl on the gold surface. The
UL-AuMSs were synthesized using 0.5 mM Au®*, 9 M H;0,, and 100

uM Ag*.

AgCl seemed to play a major role on the development and growth of the
nanothorn structures. Without Ag*, Figure 4-12A, the nanopetals showed a unique
dendritic growth pattern of branches on (111) facets in <211> directions with the angle
of 60° to the main trunk. [13, 60, 62, 74] When a trace Ag* (25 uM) was added, Figure

4-12B, the dendritic branches were shorter and almost disappeared. The SEM image
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suggests that trace Ag" altered the growth pathway of gold microstructures by

preventing the proliferation of the branch structures.

Ag*] 0 uM B:[Ag*] 25 uM

-

Figure 4-12 SEM images of (A) nanopetals (without Ag*) and nanothorns with (B)
25 UM, (C) 75 puM, and (D) 150 uM Ag*. The samples were collected
after a 100-s reaction time. The concentrations of Au®** and H.O. were
kept constant at 0.5 mM and 9 M, respectively. The scale bars indicate

0.3 pm.

When Ag* concentrations were increased to 75 uM (Figure 4-12C) and 150 pM
(Figure 4-12D), the branches were completely disappeared while the trunks were
substantially shortened. As the concentration of Ag™ was further increased, the particle
size became smaller and thorn length was shorter (Figure 4-6 and Table 4-1).When the
concentration of Ag* was extremely high (300 uM, Figure 4-61), the thorns were almost

disappeared. The observed phenomena confirmed the role of physically adsorbed AgCl
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on inhibiting dendritic growth by preventing the aggregated attachment of AUNPs on
the branch structures.

To demonstrate idea about physical adsorption of metal chloride, lead ion (Pb?*)
was used for inducing solid lead chloride (PbCly) that compared with Ag* as shown in
Figure 4-13. The results showed that Pb?* could promote only FL-AuMSs and have
ability to inhibit dendritic growth less than Ag*at the same loading. We assumed that
solubility of AgCI and PbCl; played an importance role on controlling the development

and growth of the nanothorn structures as shown in equation Eqgs. 3-5 and 3-6:

AG'@) + Clg = AgClg Ksp = 1.8x10710 (Eq. 3-5)

Pb2+(aq) + 2C|_(aq) = PbClZ(s) l‘Qp = 5.89X1075 (Eq 3-5)

The solubility products (Ksp) of AgCl and PbCl, suggest that AgCl could change to
solid form at lower concentration than PbCl> due to the lower Ksp. Therefore, Ag® is

converted into solid AgCl that could inhibit dendritic growth but Pb?*cannot.
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Figure 4-13 SEM images show variation of gold microstructures at various
concentrations of Ag* and Pb?* under a fixed concentration of Au®* and
H>02 (0.5 mM and 9 M). The reaction ingredients are shown in the

figures. Scale bars indicate 1 pm.
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We proposed the formation and growth mechanism of QS-AuMSs and UL-
AuMSs as shown in Scheme 4-1. A trace Ag" alters the growth of dendritic structures
as it forms solid AgCI particles physically adsorbed onto gold surfaces and limited
crystal growth in <211> direction. At a low concentration of Ag* (25 uM), the growth
of branches was inhibited while the trunks grew into long nanothorns. A higher
concentration of Ag* (50-150 uM) suppressed the growth of both branches and trunks
while UL-AuMSs with shorter nanothorns were obtained. At a relatively high

concentration of Ag* (greater than 200 uM), gold microstructure with small buds were

obtained.

A: Formation and growth of QS-AuMSs (system without Ag*)

HAuCI,

&
1‘ I
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;
v
v
HAuCl, cr / HAuCIA i HAuCI cl- HAuCI4 cr
HAuCI,
HAuCl,
HAuCI,
HAuCI,

H,0,  O,+2H* Hzo2 0,+2H* 2o2 0,+2H* Hzo2 0,+2H"  QS-AuMSs

B: Formation and growth of UL-AuMSs (system with Ag*)

[Ag7]
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Scheme 4-1 Proposed growth mechanisms of (A) QS-AuMSs and (B) UL-AuMSs.

Both QS-AuMSs and UL-AuMSs developed from FL-AuMSs.
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4.4  The influences of pH on UL-AuMSs

The reduction efficiency of H20> is strongly depended on pH which is under
acidic and alkaline conditions as shown in Eqgs. 3-7 and 3-8, respectively.

H202 — Oz + 2H" + 2¢ E%x = -0.695V (Eq. 3-7)
H202 + 20H — Oz + 2H,0 + 2¢ E%x = -0.146 V (Eq. 3-8)
The reduction efficiency of H20. has directly affected on dendritic growth of UL-
AuMSs which favors the weak reducing environment system under a kinetically control
condition. [19] In this work, pH of H20. was adjusted by adding 0.1 M HNO3 for acidic
condition and 0.1 M NaOH for alkaline conditions. The final pH of H,O, was ~1 and 9

after adding HCI and NaOH.

The large gold microplates were generated under the acidic condition (pH 1) as
shown in Figure 4-14A1 and A2. Normally, 9 M H20, have pH ~5 that is suitable pH
for producing QS-AuMSs and UL-AuMSs as shown in Figure 4-14B1 and B2. The
results suggest that acidic condition of H,O, promotes the growth more than the
nucleation [53, 61] due to the low reduction efficiency of H>O. under acidic
environment. [66, 67] However, the size and surface morphology of gold microplates
with Ag" (Figure 4-14A2) show the smaller size and smoother surface than those
without Ag* (Figure 4-14A1) because of physical absorption and surface protection of
AgCI on gold surface. [17, 18] At high alkaline condition (pH ~9), gold and silver
nanoparticles could be generated by reduction of H202 as shown in Figure 4-14C1 and
C2. [63, 67] In this work, without Ag®, the spherical gold nanoparticles with the size of

30-50 nm and red colloid were obtained (Figure 4-14C1).
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Figure 4-14 SEM images of gold microstructure with and without Ag* (25 uM) at
difference pH: (A) pH 1, (B) pH 5, and (C) pH 9. The concentrations of

Au®" and H20, were kept constant at 0.5 mM and 9 M, respectively.

The spherical shape and small particles were controlled by thermodynamic
control under high reducing efficiency [53, 61]. However, with Ag*, spherical particles
of 50-80 nm were synthesized (Figure 4-14C2) while large number of bubbles were
released from colloid with red color (data not shown). These phenomena confirm the

presence of gold nanoparticles and silver nanoparticles by the observation of red color
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from plasmonic light absorption of gold nanoparticles and O, form catalytic
decomposition of H.O> on silver nanoparticles. [63, 67] The reaction at high alkaline
condition (pH > 9) had been avoided due to high exothermic and possible explosion

due to alkaline decomposition of H20..

45 The influences of CI" and NO3z on UL-AuMSs

The chloride ions (CI) and nitrate ion (NO3) are counter-ions from HAuCl, and
AgNOz. To observe the effect of these ions, adding ClI- from NaCl and NOs™ from
NaNOs were investigated. At low concentrations (10 uM-1000 uM), both ions could
not effect on growth pattern of UL-AuMSs and QS-AuMSs (data not shown). However,
a high concentration of 0.1 M CI" (Figure 4-15B1 and B2) induced FL-AuMSs by CI
adsorption on gold surface. [75, 76] On the other hand, 0.1 M NOs" (Figure 4-15C1 and
C2) shows insignificant effect on QS-AuMSs and UL-AuMSs because of low ability

NOgz" adsorption on gold surface. [77, 78]

4.6  The influences of temperature on UL-AUuMSSs

The reaction temperatures were observed at 20°, 28° (room temperature), and
40° C. The results suggest that the variation of temperature shows insignificant effect
on structural changing of QS-AuMSs and UL-AuMSs from without and with Ag* in
systems (Figure 4-16). However, the decrease of particle sizes both QS-AuMSs and
UL-AuMSs were observed when temperature was increased. These results can be
explained by free energy of nucleation step. [61] The low temperature can reduce free
energy in system that prolongs the completed reduction time. Therefore, slower

nucleation and growth induced the formation of larger particles.
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Figure 4-15 SEM images of gold microstructure with and without Ag* (25 uM) at
difference counter-ion types: (A) without added counter-ions, (B) added
CI, and (C) added NOs". The concentrations of Au** and H202 were kept

constant at 0.5 mM and 9 M, respectively. The scale bars indicate 3 um.
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Figure 4-16 SEM images of gold microstructure with and without Ag* (25 uM) at
difference temperature: (A) 20° (B) 28° and (C) 40° C. The
concentrations of Au** and H,O2 were kept constant at 0.5 mM and 9 M,

respectively. The scale bars indicate 1 pum.
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4.7  SERS application

The synthesized UL-AuMSs could be employed as an efficient SERS substrate
since they contain numerous sharp tips and narrow voids between nanothorns. As
shown in Figure 4-6, a film of assembled UL-AuMSs contains additional voids and
narrow gaps due to the intertwined nanothorns. The assembled UL-AuMSs should
contain large number of hot spots with substantial SERS enhancement. [60, 79-81] To
make an SERS substrate from UL-AuMSs, the residual AgCI film was removed by
dissolving in NH4OH solution. The AgCl-free UL-AuMSs was incubated in 1 pM R6G
for 15 min before thoroughly rinsing with DI water to remove the un-immobilized R6G.
The R6G-immobilized UL-AuMSs were assembled into a monolayer film on an
aluminum substrate before acquiring SERS spectra, as shown Figure 4-17.
Surprisingly, UL-AuMSs with the longest thorn length do not give the highest SERS
signal (Figure 4-6B). The UL-AuMSs with very long thorns (Figure 4-6B (708 nm), 6C
(638 nm), and 6D (288 nm)) and short thorns (Figure 4-6G (99 nm), 6H (60 nm), and
61 (32 nm)) gave SERS signal of the same magnitude as the QS-AuMSs (Figure 4-6A).
UL-AuMSs with moderate thorn lengths shown in Figure 4-6E (187 nm) and 6F (166
nm), on the other hand, provided the highest SERS signals.

According to SEM images shown in Figure 4-6, inter-particle distances of UL-
AuMSs did not play any role on the SERS enhancement since those with short distance
(Figure 4-6G-I) gave the same signal as those with long distance (Figure 4-6B-D).
Moreover, the intertwined thorns did not show any significant improvement since UL-
AuMSs with long thorns (Figure 4-6B-D) gave smaller SERS enhancement than that

of shorter thorns (Figure 4-6E and 6F).
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Figure 4-17 (a) SERS spectra of R6G (1 uM) immobilized on UL-AuMSs. (b) SERS
signals at 1360 cm™ (C-C aromatic stretching) of immobilized R6G. (c)
Particle diameters and thorn lengths of UL-AuMSs obtained at various
Ag* concentrations. The results with QS-AuMSs ([Ag'] = 0 uM) under
the same condition were added for comparison. All bare UL-AuMSs
substrates do not give any SERS signal. A-I represent QS-AuMSs and

UL-AuMSs shown in Figure 4-6 and Table 4-1.
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Although the particle sizes were relatively large compared to those of
nanospheres in previous reports, [82, 83] the enhancement of the UL-AuMSs originated
from their surface morphologies containing thorns of optimal size and shape. The thorn
length of 187 nm and 166 nm seem to provide the suitable conditions for the formation
of hot spots (i.e., thorn length, thorn sharpness, and inter-thorn gaps). [60, 79-81]
Smaller UL-AuMSs (Figure4-6G—I) had thorns of decreased sharpness and less inter-
thorn gaps (Figure 4-18). A high SERS enhancement of our UL-AuMSs was realized
when it was employed as a substrate for trace R6G in water. The Raman band
assignments of R6G showe in Table 4-2. [84] With rapid 15-min incubation in an
analyte before a thorough rinsing, a relatively low concentration of 0.1 nM R6G can be

detected (Figure 4-19).

Figure 4-18 Enlarged SEM images of the inserts in Figure 4-6.
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SERS spectra show the detectable concentration of R6G lowest at 0.1

nM using UL-AuMSs with thorn length of 166 nm as SERS substrates

(Figure 4-6F).
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One of the unique advantages of the micrometer size UL-AuMSs was their easy
observation under an optical microscope. Figure 4-20 shows a cluster of UL-AuMSs
on a gold microplate with ~20 um lateral size. [52] The UL-AuMSs were immobilized
with 1 uM R6G before deposition on the gold microplate. A dark spot of UL-AuMSs
cluster against the shiny gold nanoplate can be distinctively detected under a 100x
objective of a Raman microscope (Figure 4-20A). As a result, SERS specturm of the
cluster can be selectively measured. Figure 4-20B shows SERS Raman map of the
signal at 1360 cm™ over the entire gold microplate. The map was constructed from
10x%10 measured spots as shown by the grid in Figure 4-20A. The highest SERS singal
representing R6G coincided with the center of the UL-AuMSs cluster (Figure 4-20B).
Figure 4-20C shows SERS spectra along the line-map across the center of the cluster.
The R6G singnal decreased as the measured spot drift away from the center of the

cluster (spots No. 1 and 3).
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Figure 4-20 (A) An optical microscope image of a cluster of UL-AuMSs on a gold
microplate captured through a 100x objective. (B) Raman map with
SERS signals of R6G at 1360 cm™ with a 2 um step. The map contained
10x10 measured spots with color scale representing SERS intensity
(cps). (C) SERS spectra represent a line map of 3-measured spots across

the center of UL-AuMSs cluster shown (B).
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4.8 Hemi-spherical gold microstructures

In this work, without Ag*, hemi spherical gold microstructures (HS-AuMSs)
are minor product when QS-AuMSs were synthesized as shown in Figure 4-21. The
high concentrations of Au** (from 5 to 10 mM) were suitable for produce high quantity
of HS-AuMSs. The particles sizes of HS-AuMSs were 2—10 um. FL-AuMSs appeared
when silver ions were added in system with increasing concentrations of gold ions
(Figure 4-3). We hypothesized that one possible mechanism to control the growth of
HS-AuMSs is physical suppression on flat surface of hemispherical shape. To confirm
our hypothesis, an experimental design was set as shown in Figure 3-2 to observe the
physical suppression on HS-AuMSs.

The samples collected from position A-D on mica sheet (Figure 3-2) were
investigated, as shown in Figure 4-22. The gold microplates with the sizes of 0.3-0.8
um were sampling from position A as shown in Figure 4-22A. HS-AuMSs with the
sizes of 1.5-2 um were collected from positions B and C as shown in Figure 4-22B and
4-22C, respectively. Incomplete QS-AuMSs with the sizes around 2 um were collected
form position D as shown in Figure 4-22D. These results suggest that different distance
from surface of mixture solution to mica sheet plays the important role to induce the
formation of HS-AuMSs. The short distance (position A, B and C) could induce fast
deposition of particles in early stage of growth period. The attachment of particles on
substrate can protect one size from particles growth in mixture solution. Therefore, we

could observe HS-AuMSs as minor product mixing QS-AuMSs as major product.
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Figure 4-21 SEM images show the increasing of particle sizes of HS-AuMSs as the
concentrations of Au®" were increased: (A) 0.5, (B) 5, (C) 6, (D) 7, (E)
9, and (F) 100 mM. The concentration of H.O, was kept constant at 9
M, respectively. The insets show enlarged images. Scale bars indicate

10 pm.
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Figure 4-22 SEM images show the variation of shape (A) gold microplates, (B and
C) HS-AuMSs and (D) Incomplete QS-AuMSs.The concentration of
Au®*" and H20, were kept constant at 5 and 9 M, respectively. Scale bars

indicate 2 um.

4.9  Urchin-like gold nanoparticles

In section 4.3, the role of silver ions to induce the formation of nanothorns on
UL-AuMSs was explored. By seed-mediated growth, rate of nucleation was increase
when gold nanoparticles were added as seed particles during the reduction process. [7]
Therefore, particles size of UL-AuMSs in micro-scale will be decreased to nano-scale
when seed particles were introduced. We demonstrated that we could use a seed-
mediated growth for synthesizing urchin-like gold nanoparticles (UL-AuNPs) as shown
in TEM image, Figure 4-23B (i.e., the white-covered layer on UL-AuMSs came from

retaining moisture on particles). The particles sizes of UL-AuNPs were 60-80 nm with
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gold nanothorns of 10-30 nm. UL-AuNPs showed the broadband of light absorption
from 500-800 nm, as shown in Figure 4-23D, which can apply for light-harvesting or

nanoantenna in plasmonic solar cells [7] and plasmonic heating. [85]
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Figure 4-23 TEM images show (A) spherical gold nanoparticles and (B) UL-AuNPs
from without and with 25 uM Ag" under seed-mediated growth. Scale
bars indicate 100 nm. UV-Visible absorption spectra with insert digital
images show characteristic of (C) spherical gold nanoparticles and UL-
AuNPs, respectively. The concentration of Au®* and H,O, were kept

constant at 5 and 9 M, respectively.
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CHAPTER V
CONCLUSIONS

We have successfully synthesized complex gold micro/nanostructures as UL-
AuMSs with controllable length of nanothorns via a simple one-pot synthetic protocol
consisting of Au**, H202, and trace Ag*. We also verified the governing mechanism of
trace Ag® on the formation and growth of nanothorns. The presence of trace Ag™ is
necessary for the nanothorn formation. Without Ag*, QS-AuMSs were the sole product.
By taking advantage of the selectively surface passivation of Cl- on Au (111), an
addition of trace Ag" with a concomitant formation of solid AgCl capable of
suppressing the growth of dendritic structures enabled a control of thorn length. At a
low concentration of Ag*™ (25 uM), the growth of branches was inhibited while the
trunks grew into long nanothorns. However, a higher concentration of Ag* (50-150
MM) suppressed the growth of both branches and trunks and UL-AuMS with short
nanothorns were obtained. The UL-AuMSs with thorn length of 166 and 187 nm show
high SERS enhancement as they possessed optimal thorn lengths, thorn sharpness and
inter-thorn gaps for the formation of hot spots. A low concentration of 0.1 nM R6G
could be detected with a short 15-min incubation. The micrometer size UL-AuMSs with
efficient hot spot can be exploited for location specific SERS measurement.

Not only effect of Au**, H.0,, and trace Ag* concentrations on complex gold
micro/nanostructures were investigated, but also other parameters such as pH, counter
ions (CI" and NOz") and temperature were explored. We found that these parameters
have effect on structure and size of complex gold micro/nanostructures. Moreover, we

have successfully explained the growth mechanism of hemi-spherical gold
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microstructures (HS-AuMSs) due to deposition of particles on a flat mica surface at the
early stage of growth period. Furthermore, we have successfully synthesized urchin-
like gold nanoparticles (UL-AuNPs) by seed-mediated growth. The obtained UL-
AuNPs showed high potential applications is plasmonic solar cells and plasmonic

heating.
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