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Introduction

The nanostructures of noble metals have been attractive in recent years due
to their unique properties such as optical, electrical and thermal properties, as well
as their potential applications in catalysis [1] and Surface-enhance Raman scattering
(SERS) detection [2, 3]. The specific properties of the metal nanostructures can be
tuned by controlling their shape and size. Many reports have shown the
development of Ag nanostructures in different shapes, such as wires [4-6], belts [7],
prisms [8], sheets [9], and other structures [10-14]. Recently, more complex
structures such as hierarchical nanostructures have been synthesized with many
methods because such materials have desirable applications. Since hierarchical
structures are full with dendritic connections of nanowires, they provide high surface
area and large amount of hot spots that are suitable for SERS technique. Most

hierarchical structures reported so far based on synthetic methods such as

electrochemical deposition [15, 16], surfactant process [17], Y- or ultrasonic
irradiation [18], hydrothermal method [19], galvanic replacement [20], and chemical
reaction [21, 22] as shown in Table 1. In general, the above methods involve the
reduction of silver salts in the presence of organic surfactants and electron sources,
and provide dendritic structures but such a SERS application unfortunately requires
very clean Ag surface to allow probe molecules get electromagnetic field from Ag
with no interference of capping agents. Therefore, it still remains interesting and
challenging to synthesize Ag dendrite with more sophisticated but controllable
through simpler routes, shorter time, and surfactant-free method under ambient

conditions.



Table 1.1 Some previous research about synthesis of Ag dendrites.

Authors Method Reagent Picture Application
Guodan Wei, et | Solvothermal AgNO;+EG+PVP

al, Chem. Matter, | method

2003 [23]

Kuiging Peng and | Galvanic AgNO5+Si+HF

Jing Zhu, | replacement

Electrochemica

Acta, 2004 [24]

Qin Zhou, et al,,

Electrodeposition

AgNO3+Block co-

Materials  letter, polymer123

2006 [15]

Lehui Lu, et | Chemical AeNO;+p- Study  of
al,, J Phy | reaction aminobezin oriented
Chem B, e +NaBH, attachmen
2006 [22] t

Xiaogang Wen, et | Galvanic AgNOz+Zn SERS

al, Langmier, | replacement (powder)

2006 [25]

Jixiang Fang, et al, | Galvanic AgNO5+Zn

Crystal Growth & | replacement (plate)

Design, 2007 [26]

Cuiyu Jing and | Electrodeposition | AgNO, SERS

Yan Fang, Colloid

and Interface

Science, 2007 [16]

Hongjun You. Et | Galvanic AeNO;3+Zn Study of
al,, J Phy Chem C, | replacement (plate) diffusion

2008 [27]

Ved Varun | Chemical reaction | AgNO;+TOAB,CT

Agrawal, et al, J AB+hydrazine

colloid and
interface science,

2008 [28]




Lei Fang and | Chemical reaction | AgNOs+L-

Rong Guo, ascorbic

Crystral Growth & acid+CTAB/SDBS

Design, 2008 [17]

Chandong Gu and | Electrodeposition | AgNO, superhydroph
Tong-Yi Zhang, | on Ni/Cu obic for
Langmuir, 2008 electrode
[29]

Weichun Ye, et | Galvanic AgNO3+Si+HF SERS

al,, replacement

Electrochemistry

Communication,

2008 [30]

Albert Gute's, et | Galvanic AgF+AL SERS

al, JACS Com.,, | replacement

2010 [31]

Gaixia Zhang, et | Galvanic AgNO;+Mg

al,, Crystal | replacement

Growth & Design,

2011 [21]

Digish K. Sharma, | Electrodeposition | AgNO; SERS and
et al, Colloids reduction
and Surfaces, reaction
2011 [32]

Xia Qin, et al, | Electrodeposition | AgNOs H,0,
Langmuir, 2012 | on Au reduction
(33]

Albert Gutés, et | Galvanic AgF+AL SERS

al., Langmuir, | replacement

2012 [34]

Wenya Cai, et al,, | Galvanic CH;COOAg+Cu SERS
Materials replacement

Research Bulletin,

2013 [35]

Nevertheless, most of the dendritic microstructures synthesis requires high

concentration of surfactant to control Ag into dendritic structures, and also high




concentration of Ag to increase the yield, so AgNO; was chosen because of its high
solubility. Moreover, synthesis of dendritic Ag by galvanic replacement needs more
than 6 h and difficult to control the uniformity. Electrodeposition method is also too
difficult to control structures, because they control the structures by adjusting the
electrical potential and time, the dendritic structures occur on large surface of
electrode. Therefore the structure cannot be uniform all over area of the electrode.
Both techniques are not practical for SERS substrate preparation.

Based on the chemical reaction, we report a simple, rapid, green and no
waste synthesis of the large scale synthesis of adjustable dendritic Ag
microstructures. In this synthesis, H,O, was used as a reducing agent to react with
CH3;COOAg in aqueous solution and no organic solvent, surfactant or capping agents
were necessary. This is the first time that dendritic Ag microstructures are made from
H,0O, reduction. The precursor conditions and surface modification play a role as the
morphological control of Ag structures. The morphological evolution of the dendritic
Ag microstructures was also investigated through a series of time dependent SEM

images, and the growth mechanism of Ag microstructures is also discussed.

Objective

Objective of the research is to synthesize controllable, rapid and practical

dendritic Ag microstructures for SERS detection.

Benefit of the research

This research proposes another method to synthesize and control dendritic
Ag microstructures which have desirable SERS property. This research also
emphasizes the migration of harmful chemicals from food wrap using the advantage

of dendritic Ag microstructures on SERS.
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Chapter |l

Theoretical backeround

In 1928, Raman and Krishnan first observed and reported inelastic light
scattering from its feebleness in comparison to ordinary scattering [36]. Even in 1925,
Smekal theoretically predicted this phenomenon [37], the inelastic light scattering is
called “Raman scattering”. Whenever a photon (hv) hits a molecule, the molecule
would absorb some energy to vibrate (bending, stretching, etc.) itself, the losing
energy photon will be collected by a light detector, the change of the energy is
vibrational energy of the molecule. Raman spectroscopy gives the same information
to IR spectroscopy, but Raman spectroscopy technically uses Vis-NIR light and
measures the wavelength change of the scattering light while IR spectroscopy
measures the remaining intensity of absorbed IR light at each wavelength. On the
other hand, Raman spectroscopy investigates the polarizibility change of molecules,
but IR spectroscopy does the polarity. The intensity of Raman scattering depends on
magnitude of the change of polarizibility, so aromatic molecules show more intense

Raman scattering than aliphatic molecules.

Virtual
energy A
states A A

Vibrational
energy states

4
3

—1Y >
—y .
0

Infrared Rayleigh Stokes  Anti-Stokes

absorption scattering  Raman Raman
scattering scattering

Fig.2.1 Energy-level diagram showing the states involved in Raman signal [38].
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Raman scattering cross sections are much smaller than those of
fluorescence, so Raman intensity is always weak. Raman spectroscopy uses single
wavelength laser to excite the molecules, most of the scattering lisht do not change
their energy (same wavelength as the laser which called Rayleigh scattering), but
some of them lose or get the energy from the collision to the molecules are called
Stokes or Anti-Stokes Raman scattering. Raman spectroscopy only focuses on Stokes
Raman scattering, and the energy gaps of the change of wavelength confront to
vibrational energy of the molecules. Accordingly, the possibility of Stokes scattering is
very small, as well as only the light that scatters at the right angle can stimulate
detector, Raman intensity is naturally low. Moreover, sensitivity limited of the
detectors, and the intensity of the available laser have restricted the applications of
Raman scattering for many years. However, the better light sources and light

detectors are being developed to improve the disadvantages of the technique.

Electric field

Nuclear framework
of nanoparticle ™

Charge cloud of
conduction electrons ~

Fig.2.2 Illustration of the excitation of the LSPRs of a spherical nanoparticle by incident

electromagnetic radiation. [39]

In 1977, Jeanmaire and Van Duyne conducted a research, which they placed
the sample on or near a rough noble metal substrate, and they have found that the
magnitude of Raman scattering signal is greatly enhanced [40]. They also conclude
that strong electromagnetic fields can be generated when the localized surface
plasmon resonance (LSPR) of nanoscale roughness features on a noble metal

substrate is excited by visible light. When a molecule places on such a substrate,
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electromagnetic fields from exciting laser and substrate both increase the possibility
of inelastic scattering, and accordingly, the intensity increases. This phenomenon of
enhancement is known as surface-enhanced Raman scattering (SERS), and most

substrates are made of noble metals or their alloys.

Fig.2.3 Theoretical simulations of the electromagnetic field enhancement around silver
nanoparticles of (A) a triangular nanoparticle (700 nm), (B) a dimer of spherical

nanoparticles (520 nm), and (C) an ellipsoidal nanoparticle (695 nm). [39]

According to SERS, Raman spectroscopy can be used for sensitive and specific
molecular identification. Recently, SERS has been exploited to investigate in many
applications such as analysis of pesticides [41], anthrax [42], specific antigen [43],
glucose [44, 45], and nuclear waste [46]. It has also been implemented for
identification of bacteria [47], genetic diagnostics [48], and immunoassay labeling [49-
51]. Because of its practical sample preparation (no interference of water), portable
device and low limit of detection, there have been many research in studying and
making SERS substrate since SERS has been discovered. A number of SERS substrates
can enhance the intensity even a single molecule can be also detected. To date,
SERS technique is well known as a powerful analytical tool, and more than 200
papers about SERS are published every year.

The mechanism of SERS enhancement remains an active research topic. Since
the discovery of the phenomenon, two major factors have disagreed on the relative
significance  of the proposed mechanisms: chemical enhancement and

electromagnetic enhancement. In the chemical mechanism, which is now thought to
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contribute an average enhancement factor of 100, a charge-transfer state is created
between the metal and adsorbate molecules [52]. In a manner analogous to that
observed in resonance Raman spectroscopy, the existence of this charge-transfer
state increases the probability of a Raman transition by providing a pathway for
resonant excitation. This mechanism is site-specific and analyte-dependent. The
molecule must be directly adsorbed to the roughened surface to experience the
enhancement.

To understand the electromagnetic enhancement, one must consider the
size, shape, and material of the nanoscale roughness features. These characteristics
determine the resonant frequency of the conduction electrons in a metallic
nanostructure. When electromagnetic radiation with the same frequency is incident
upon the nanostructure, the electric field of the radiation drives the conduction
electrons into collective oscillation. Excitation of the LSPR has two consequences:
selective absorption and scattering of the resonant electromagnetic radiation and
generation of large electromagnetic fields at the surface of the roughness feature.
Electromagnetic enhancement relies on Raman-active molecules being confined
within these electromagnetic fields [53] and contributes an average enhancement

factor of =10,000.

Chapter Il
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Experiments

This chapter explains the synthesis and fabrication of Ag microstructures from

silver acetate. The silver acetate salt was synthesized from the metathesis reaction

between silver nitrate and sodium acetate in aqueous solution. The Ag

microstructures were purified before implementing for Surface-enhance Raman

substrate. The substrates were employed for the detection of plasticizers released

from food wraps.

3.1 Chemicals and materials

3.1.1
3.1.2
313
3.14
3.15
3.1.6
3.1.7
3.18
3.19

Silver nitrate, AgNO; (Merck, analytical grade)

Sodium acetate tri-hydrate, CH;COONa.3H,O (Merck, analytical grade)
Hydrogen peroxide, H,O, (Merck, 30%w/w, analytical grade)

Sodium borohydride, NaBH,; (Merck, 99.99%, analytical grade)

Ethyl acetate, CH;COOCH,CHs, (Merck, analytical grade)

Butyl acetate, CH;COO(CH,);CH; (Merck, analytical grade)

Toluene, C;Hy (Merck, analytical grade)

Hexane, C4Hi4 (Merck, analytical grade)

Rhodamine 6G, CygH31N,O5Cl, R6G  (Merck, analytical grade)

3.2 Ag microstructures fabrication

This section explains the synthesis of Ag microstructures from the reaction

between silver acetate and hydrogen peroxide. After the reaction, the Ag

microstructures were purified for further usage as a SERS substrate.

3.3.1 Preparation of silver acetate
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1. Prepare 1 M AgNO; solution (solution A) by dissolving 170 ¢ AgNO; in 1
L of DI water.

2. Prepare 1 M CH;COONa solution (solution B) by dissolving 138 ¢
CH;COONa.3H20 in 1 L of DI water.

3. Mix solution A and solution B under a vigorous stir. Solid silver acetate
instantaneously precipitated as a white powder. The mixture was
further stirred for 1 h in order to achieve a complete reaction.

4. Filter the white precipitate of silver acetate and wash 3 times with cold
DI water.

5. Oven dry the filtrated silver acetate at 60° C for 12 h before keeping in
a desiccator without exposure to a light source.

3.2.2 Preparation of saturated solution of silver acetate

1. Dissolve 12 ¢ CH3;COOAg in 1 L DI water.

2. Heat the solution to 60° C for 1 h under a gentle stir to achieve a
complete dissolution of CH;COOAg.

3. Leave the solution undisturbed for 1 h to allow a precipitation of silver
acetate crystal. The clear solution is the saturated silver acetate in DI
water. The concentration of silver acetate was 0.667 M as determined
by Mohr method. The saturated silver acetate solution was employed

for further Ag microstructures fabrications.
3.2.3 Preparation of Ag microstructures

1. Inject hydrogen peroxide solution (15 pL, 9.76 M) into saturated solution
of silver acetate (10 ml, 0.667 M) under a vigorous stir. The clear
solution instantaneously turned turbid as silver ions were reduced into
silver nanoparticles. Within 30 s, the colloid turned glittering as the

nanoparticles developed into plate-shaped Ag microstructures. The
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progress of the reaction was noticed by the formation of O, gas bubbles
as hydrogen peroxide decomposed.

2. The colloid was further stirred for 2 min before leaving undisturbed for a
precipitation of shiny Ag microstructures.

3. The Ag¢ microstructures were separated from the solution by
centrifugation before washing 3 times with DI water. They were kept in

DI water for further usage.

3.2.4 The effects of experimental parameters on Ag microstructures

The effects of experimental parameters including concentration of Ag
acetate, concentration of hydrogen peroxide, molar ratio Ag/CH3COO-,
temperature and pH of hydrogen peroxide on the structures were conducted.

1. The effect of concentration of silver acetate: the procedures 1-3 in
section 3.2.3 were conducted using the concentration of silver acetate
200, 267, 334, 400, 467, and 534 mM.

2. The effect of concentration of hydrogen peroxide: the procedures 1-3 in
section 3.2.3 were conducted using the concentration of hydrogen
peroxide 3, 15, 31, 154, 309, and 617 mM.

3. The effect of molar ratio of Ag/CHsCOQ: procedure 1-3 in section 3.2.3
were conducted using 1:1, 1:2, 1:3, 1:4, 1.5, 1:6, 1.7, 1:8, 1:9 and 1:10.

4. The effect of pH of hydrogen peroxide: the procedures 1-3 in section
3.2.3 were conducted using hydrogen peroxide pH 1, 2, 3,4, 5,6, 7, 8, 9
and 10.

5. The effect of reaction temperature: the procedures 1-3 in section 3.2.3
were conducted using controlling temperature of the reactants 5, 28

(room temperature), 40, 50, 60 and 80° C.

3.3 Characterization
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3.3.1 Optical microscopy

Few drops of suspended Ag microstructures were carefully dropped onto a
(7.5x2.5 cm) g¢lass slide. The glass slide was put on the slot of Zeiss optical
microscope consisted of 5X, 10X, 50X, and 100X interchangeable objective lens and

a pair of 10X eye piece.

3.3.2 Scanning Electron Microscopy (SEM)

The Ag microstructures that were already on the glass slide were contacted
with a carbon tape-on-aluminium stub; the Ag microsheets were stuck on the carbon
tape with adhesive material. The SEM sample was dried under vacuum machine for
30 minutes, then put in the SEM slot of Jeol JSM-6510A. Secondary electron
scattering mode was used for characterization with 10kV voltage, and 1,000-50,000x

magnification.

3.3.3 Raman scattering spectroscopy

A dispersive Raman from Thermo Scientific was operated to characterize the
surface property. The dried Ag microstructures on the glass slide were beamed with a
532 nm laser in the condition of 0.5 mW, 0.5 second exposure time and 64 sample
scans. The enhancement efficiency was tested by directly dropping various
concentrations of R6G to the Ag microstructures and taken Raman spectrum.

3.3.4 Energy Dispersive spectroscopy (EDS)

The EDS samples were the same as those of SEM ones. The electron beam

hit the sample with 20 kV to conduct the elemental analysis of the structures.

3.3.5 X-ray diffraction technique (XRD)
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1 g of dried Ag microstructures were contained in an XRD sample slot then

put in the XRD holder of 1X1X0.1 cm.
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Chapter IV

Results and discussion

4.1 Fabrication of Ag microstructures

Ag¢ microstructures were fabricated from the reaction between silver acetate
(CH;COOAg) and hydrogen peroxide (H,0,) at ambient temperature, and the results
start demonstrating from the synthesis of silver acetate, Ag microstructures, structural

controls, as well as the application as a SERS substrate.
4.1.1 Fabrication of silver acetate

Silver acetate (CH;COOAg) occurs as a white-grayish powder constituted of
needle-shaped crystals. The molecule of silver acetate is formed by the acetate ion
covalently bonded to silver as an unidentate ligand; the unit cell in the crystalline
solid is a Agy(carboxylate), dimer [54]. It is extensively used as a component in
common pesticides, as industrial reagent and catalyst, in pharmaceutical industry and
in the nanotechnology field. Silver acetate is also highly photo-sensitive, so the
CH;COOAg powder was kept in the dark.

White precipitate of silver acetate was prepared from a reaction between
silver nitrate (AgNO3) and sodium acetate (CH;COONa); it appeared in the solution

immediately after mixing of those reagents.
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Fig.d.1 Optical and spectroscopic information of synthesized white silver acetate powder: (A)

photographic image, (B) optical microscope image (100X magnification), and (C) SEM image.

White precipitate of silver acetate after drying in oven for 12 h is shown in
Fig.1A, B, and C, and characterized by photography, optical microscopy, X-ray
diffraction and scanning electron microscopy techniques. According to the SEM
techniques, silver acetate shows crystal rod character with 200 um in length and 10
um in diameter. Fig.1D shows a Raman spectrum of silver acetate dominated by four
peaks of C-O-Ag bending at 250 cm’, C-CH, in plane bending at 933 cm’, CH,
bending at 1410 cm, C-O-C stretching at 1340 cm ' and CH, stretching at 2800 cm
[54].

4.1.2 Synthesis of Ag microstructures

Ag microstructures were fabricated by the reaction between silver acetate

and hydrogen peroxide as follows:

Oxidation of H,0,: O, + H +2¢ = H,O, E’ = +0.695 V [55] (1)
Reduction of H,0,: H,0, + 2H' + 2 = 2H,0 E =+ 1776 V[55]  (2)
Reduction of Ag: Ag” + e = Ag E'= +0.799 V [55)  (3)
Reduction of Ag': 2A¢" + H,0, = 2Ag + O, + 2H" Ee = + 0.104 V (4)
Oxidation of Ag”: 2Ag + H,0, + 2H = 2A¢” + 2H,0 Eeell = + 0,977V (5)

A molecule of H,0, supplies two electrons to silver ions both in acidic and
alkaline conditions, and E cell of the whole reaction is greater than zero which

indicates that the reaction is spontaneous reaction.
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Fig.d.2 Ag microstructures prepared by a wet chemical reaction between silver acetate and
hydrogen peroxide without surfactant or capping agent: (A) photographic image of the
microstructures suspended in the reaction media, (B) optical microscope image (400X), and

(Q) SEM image.

The clear solution turned turbid as shown in Fig.4.2A within 15 s after H,0O,
was injected, while glitters of Ag microstructures and O, bubbles appeared in the
stirred solution. When the suspended O, bubbles were not noticeable, the stir was
stopped (normally in 2 min of reaction time), and accordingly, Ag microstructures
slowly settled. The Ag microstructures were separated for further experiments, and
the solution containing leftover CH;COOAg and H,0O, (H,O, might not remain because
of small amount usage and catalytic decomposition on Ag surface) was kept to reuse
and recrystallized CH;COOAg.

The Ag microstructures synthesized from 0.667 M CH;COOAg and 31 mM H,0,
shown in Fig.4.2 have quite uniform plate shape with the lateral size of 4-6 ym and
thickness of 150-200 nm. The edge and surface are rough. The pattern of roughness
shows that the Ag microstructures are made of many nanopetals.

Because the reaction between CH;COOAg and H,0O, is spontaneous and
rapid, the reaction was incubated for 24 h to observe the change of Ag
microstructures at 2 min and 24 h reaction time. As the results shown in Fig.4.3, Ag
microstructures synthesized from 0.667 M CH;COOAg and 31 mM H,O, were taken at
different reaction time, (A) 2 min and (B) 24 h, size and shape of Ag microstructures
from Fig.4.3A are similar to one from Fig.4.2C indicating that the process is

reproducible. Debiris, triangular and polygonal of Ag microstructures was found in 24-
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h incubated Ag microstructures shown in Fig.4.3B. As the results, the reaction media
is active even H,O, (the triggering reagent) might completely decomposed along 24 h
under catalytic decomposition by Ag and neutral pH. During the long period of
reaction time, active species could destroy Ag while selected forms of Ag were

generated and survived.

Y
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X5,000° Sum

Fig.4.3 SEM images of Ag microstructures prepared by a wet chemical reaction between silver
acetate and hydrogen peroxide without surfactant or capping agent: (A) as-synthesized and

(B) 24 h incubation in the reaction media. The scale bars indicate 5 um.

4.1.3 Characterization of Ag microstructures

Ag microstructures synthesized from CH;COOAg and H,O, were characterized.
Elemental analysis was conducted with Energy dispersive spectroscopy, and X-ray
diffraction. As the results shown in Fig.4.d, EDS Ag map (B) overlays on the Ag
microstructures area in SEM image (A), EDS O map (C) does not give significant
information, and EDS C map (D) indicates carbon tape under Ag microstructures
which is the substrate. EDS spectrum in Fig.d.dF also confirms that Ag
microstructures mainly consists of Ag, carbon peak is from carbon tape. Fig.4.4G is an
X-ray diffraction (XRD) pattern of the same Ag microstructures used in EDS
characterization. The four diffraction peaks can be indexed to diffraction from the
(111), (200), (220) and (311) of faced-centered cubic (fcc) silver (JCPDS Card File, 4-
783).
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Fig.4.4 Elemental analysis of Ag microstructures: (A) SEM image, (B) EDS silver map, (C) EDS oxygen
map, (D) EDS carbon map, (E) EDS spectrum, and (F) XRD pattem.

4.1.4 Effects of parameters to Ag microstructures

1. Effect of [CH3COOAg]

Concentration of CH;COOAg was varied to observe the effect of Ag source
quantity to the Ag microstructures synthesized with fixed H,O, concentration. The
highest concentration of CH;COOAg is 0.667 M (667 mM) which is saturated solution;
other concentrations were diluted with DI water into 200, 267, 334, 400, 467, and 534
mM. The reaction at low concentrations of CH;COOAg was not as fast as higher ones
which showed the progress of the reaction such as glitter of Ag and O, bubbles
rapidly instantly after mixing of the precursors. As the results shown in Fig.4.5, Ag
microstructures obtained from 200 mM show polygonal microplates with diameter 3-
5 pm, and have less population than others. Ag microstructures obtained from the
reaction between 267 mM CH;COOAg and 31 mM is shown in Fig.4.5B, the structures
show more roughness at the edges and surface. Ag microstructures obtained from

more concentrated CH;COOAg show more complex structures.
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Concentration of CH3;COOAg controls the population and the rate of reaction.
The number of Ag+ in  CH;COOAg directly specifies the population of Ag
microstructure, and controls the probability of the collision between two reactants

which affects rate of the reaction.

Fig.d.5 SEM images of Ag microstructures synthesized by reducing silver acetate with 31 mM
hydrogen peroxide. The concentrations of silver acetate are: (A) 200 mM, (B) 267 mM, (O)
334 mM, (D) 400 mM, (E) 467 mM, and (F) 53¢ mM. The scale bars indicate 5 um.

2. Effect of [H,O,]

Various concentrations of hydrogen peroxide (H,O,), 3, 15, 31, 154, 309, and
617 mM, were used to react with 0.667 M CH;COOAg in order to observe the
interference of H,0O, to the Ag microstructures. At low concentration of the electron
donator, 3 mM H,0O, reacted with 0.667 M CH3;COOAg as shown in Fig.d.6A, the
solution slowly turned turbid and generated particles. Ag microstructures have
uniform plate shape with 3-4 um of lateral size and 150-200 nm of thickness. The
roughness and groove of Ag microstructures surface showed dendritic pattern, and
the edges were also rough. When increase H,O, concentration to 15 mM (Fig.4.6B),
the reaction generated Ag glitter and O, bubbles faster than the previous batch. The
obtained Ag microstructures were uniform in lateral size of 4-5 um and thickness of

150-200 nm, and the roughness still showed dendritic pattern on the surface.
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Moreover, some parts of microplates such as petals and incomplete plates were also
found. The concentration of H,0, reacted with 0.667 M CH,COOAg was systematically
increased to 31 mM (Fig.4.6C). The reaction rate was higher as the turning turbid of
the solution making O, bubbles and Ag microstructures. Size of Ag microstructures
was smaller to 2-3 um, but the shape was still uniform even some incomplete
structures were also found. The uniformity decreased when the concentration of
H,O, increased to 154 mM (Fig.4.6D); Ag microstructures in size of 0.5-4 um together
with triangular and polygonal structures were found. The rate of the reaction was
also faster. The concentration of H,O, was increased to 617 mM (Fig.4.6F).
Accordingly, the reaction rate was increased, and the less uniformity showed. Ag+
ions were converted to the shape of dendritic and triangular plates, quasi-spheres
and other forms of Ag microstructures.

H,O, was the only reducing agent in the system, and its concentration also
controls the rate of reaction. The number of H,O, molecules indicates the
probability of the reaction, so the rate of reaction also depends on reducing agent
concentration. The faster reaction generates smaller Ag microstructures because
many unstable particles at the early reaction time aggregate as fast as they could to

minimize the surface energy on the closest aggregated particles.
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Fig.d.6 SEM images of Ag microstructures synthesized by reducing silver acetate with various
concentrations of hydrogen peroxide: (A) 3 mM, (B) 15 mM, (C) 31 mM, (D) 154 mM, (E) 309
mM, and (F) 617 mM. The scale bars indicate 5 um.

3. Effect of [CH,COO]

CH,COOAg consists of a mole of CH;COO and a mole of Ag. So, it is obvious
that CH5COO, counter ion, should play an important role in structural formation. In
this report, CH;COONa was implemented to observe the interference of CH;COO to
the formation of Ag microstructures. The exact amounts of CH;COONa were
systematically added into 0.667 M CH;COOAg, and reacted with 31 mM H,0O, for 2
min. The SEM images of Ag microstructures synthesized in the added CHsCOONa are
shown in Fig.4.7. Fig.4.7B shows an SEM image of Ag microstructures synthesized from
one time added more CHsCOO than normal CH;COOAg, Ag microstructures show
smaller petals and the thickness is decreased. When the amount of CH;COO was
increased, the size was decreased, but they showed the second and third layers on
the primary dendritic plate. In conclusion, the increasing of CHsCOO amount, Ag
microstructures tend to form many layers and end up to 3D structures assembled
from dendritic microplates.

CH;COO is a counter ion, self-stabilizer and structural studies of Ag+ in
CH;COOAg. Delgado, (2007) [56] theoretical and experimental confirmed that
carboxylate group strongly bound to Ag surface by catching its both O atoms onto Ag
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surface and pointing CH5 group perpendicular to the plane. The structural formation
of Ag microstructures was changed when the amount of CH;COO changed. According
to the results, CH;COO properly blocks Ag surface, and adatoms cannot thicken the
Ag microstructures, so they grow another layer onto the first ones. The repulsion of

CH,;COO on the surface also splits one sheet or petal out of another.

Fig.d.7 SEM images of Ag microstructures synthesized by reducing 0.667M silver acetate with 31
mM hydrogen peroxide. The concentrations of added sodium acetate are: (A) 0 M, (B)

0.667 M, (C) 2.668 M, (D) 4.002 M, (E) 5.336 M, and (F) 6.67 M. The scale bars indicate 5 um.

4. Effect of pH of hydrogen peroxide

H,O, is well known as a strong oxidizing agent, but it is implemented as a
reducing agent for CH;COOAg. H,O, does not react with AgNO; (pH 4) because acidic
condition is not suitable for reducing efficiency of H,O,, but it does with CH;COOAg
and Ag,O because they are neutral. CH;COOAg (pH 7) is suitable for H,O, reduction,
and the higher pH also increases the reducing efficiency. The pH of CH;COOAg
solution could not be adjusted because increasing of the solution pH higher than 7
causes Ag,O formation.  However, the effect of pH to structural formation of Ag
microstructures was conducted by adjusting pH of H,O,. Various pH of 31 mM H,0,
(pH 5-10) were reacted with 0.667 M CH;COOAg. As the results shown in Fig.4.8, the
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higher pH of H,0, affected Ag microstructures to less complex, smaller (from 3-5 pym
to 0.5 um) with the faster reaction rate.

The pH of the H,0, can control growth of Ag microstructures by changing rate
of the reaction which can be observed by size of Ag microstructures. The smaller
structures and losing of dendritic pattern indicate the faster formation. Adjusting the

pH of H,0, results in change of size, shape and roughness on Ag microstructures.

Fig.4.8 SEM images of Ag microstructures synthesized by reducing 0.667 M silver acetate with 31
mM hydrogen peroxide. The pH of hydrogen peroxide are: (A) 5, (B) 6, (C) 7, (D) 8, (E) 9, and
(F) 10. The scale bars indicate 5 um.

5. Effect of reaction temperature

The change of temperature can affect many reaction parameters such as
activation energy, mobility, reaction rate, and other thermodynamic and kinetic
parameters. So, the interference of temperature (5-80° C) was investigated. As the
results shown in Fig.4.9, the increase of temperature raised the reaction rate. At the
higher temperature, the dendritic pattern was absence while other two forms of
microstructures majored the population, which were quasi-sphere crystal and
hexagonal plates.

The increasing temperature boosts the reaction rate by enhancing H,0,

decomposition, kinetic energy and activation energy accordingly, so Ag
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microstructures form faster. In the highly active reaction, new generation particles
have to reduce their surface energy by aggeregating to one another. On the other
hand, H,O, also oxidizes the occurred particles, so the only selected Ag crystal
structures survive in the solution. Most of seeds generated from H,O, reduction are
twin seeds, but multiple twin seeds can survive in H,O, oxidation, the major
populations at high reaction temperature are hexagonal plate and quasi sphere

crystal which assembled from twin defects seeds [57, 58].

Fig.d.9 SEM images of Ag microstructures synthesized by reducing 0.667 M silver acetate with 31
mM hydrogen peroxide at different temperature of: (A) 5°C, (B) 30°C, (C) 40°C, (D) 50° C,
(E) 60° C, and (F) 80° C. The scale bars indicate 1 pm.

4.2 Study of surface property

Ag¢ microstructures synthesized from the reaction between 31 mM H,0O, and 0.667
M CH;COOAg were characterized with Raman spectroscopy to investigate the surface
property. According to the Raman spectra shown in Fig.d.10A, surface of Ag
microstructures was covered with CH;COOAg. After Ag microstructures being washed
3 times with DI water, the peak of C-H; in plane bending at Raman shift 933 cm-1

decreased, but the intensity of other peaks increase. On the other hand, Raman
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spectrum of Ag microplates synthesized from Ag(NH;)Z+ [59] shows no vibrational
signal. This indicates that surface of Ag microplates is clean.

Delgado, (2008) [60] demonstrated that Carboxylate groups strongly bind to Ag
surface with their both O atoms and point the alkyl tail out perpendicular out of the
surface. The CHsCOO also prefers to bind on (111) Ag and it is stable in the
temperature lower than 300K [61]. According to the Raman spectra, Ag
microstructures synthesized from CH;COOAg and H,O, spontaneously get CH;COO

on the surface.
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Fig.4.10 Raman spectra and SEM images of Ag microstructures, silver acetate powder and Ag

microplates.

According to CHsCOO bound on Ag microstructures, ethyl acetate was added
into the vial containing Ag microstructures which were synthesized with 31 mM H,0,
and 0.667 M CH;COOAg, and shaken. The suspending Ag microstructures completely
moved from water phase to the interface between ethyl acetate and water, and
were left for 24 h. As the results shown in Fig.4.11, as-synthesized and 24-h Ag
microstructures are identical. That indicates that organic layer can block Ag

microstructures from the active species in aqueous solution.
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Because of the alkyl tail of acetate group which points perpendicular to the
Ag surface, ethyl acetate can easily bind with the hydrophobic group of the surface.
The adding of ethyl acetate moves the Ag microstructures to the interface between
agueous/organic phases whenever it is shaken, since the separated layer of organic
solvent cannot get to the Ag structures. Whenever the solution is shaken, the organic
solvent splits as many droplets suspending in aqueous solution, and bind with Ag
microstructures. The Ag microstructures that have been covered with organic
molecules then cannot further be in aqueous solution, they move up with organic

droplets to the organic/aqueous interface.

L TRy
) .
igc‘oco um

Fig.d.11 SEM images and photographic images of Ag microstructures (A) before and (B) after a

separation by ethyl acetate. The scale bars indicate 1 um.

Some organic solvents such as ethyl acetate, butyl acetate, toluene, and
hexane were implemented to observe the effect of organic solvent to the formation
of Ag microstructures. CH;COOAg which contained each of those organic solvents was
reacted with H,O, and incubated for 24 h. SEM images of the Ag microstructures
synthesized with the present of organic solvents show in Fig.4.12 (A-D) and (E-H); it is
noticeable that they are different from each other and from Ag microstructures
synthesized without organic solvent. The as-synthesized Ag microstructures obtained
from the reaction which ethyl acetate saturated in CH;COOAg were uniform in size of
2-3 um and thickness of 10-15 nm (Fig.4.12A). Ag microstructures from butyl acetate

were 1 um wide and 5-10 nm thick (Fig.4.12B) while ones from hexane were various
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size of 1-6 pm and 20-30 nm thick (Fig.4.12C). Ag microstructures obtained from the
presence of toluene were also dendritic plate shape but varied-sized. The 24-h Ag
incubated microstructures shown in Fig.4.12 (E-H) still reacted with active species in
the solution. They were thicker and wider, but some of them lost their original

structures because of the incomplete surface passivation of the organic solvents.

As-synthesized silver microstructures

>

Fig.d.12 SEM images of Ag microstructures synthesized from the chemical reaction with the
present of saturated organic solvent in the reaction media: as-synthesized structures (A)
ethyl acetate, (B) butyl acetate, (C) hexane, and (D) toluene, 24 h incubated structures (E)
ethyl acetate, (F) butyl acetate, (G) hexane, and (H) toluene. The scale bars indicate 5

um.

Ag microstructures synthesized in the presence of organic solvent in the
aqueous solution showed the interesting evidence on structural formation. So,
organic solvents were used again to achieve the dendritic Ag structures. Such
solvents were added into CH;COOAg showing its layer on top of the solution, the
reaction was then conducted with the mentioned process. Ag microstructures shown
in Fig.d.13 indicate that they lose the uniformity, and most of them illustrated

incomplete dendritic formation.
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Fig.d.13 Ag microstructures synthesized while there was a splitting layer: (A) ethyl acetate, (B)
butyl acetate, (C) hexane, and (D) toluene. The scale bars indicate 5 SEM images of Ag
microstructures synthesized from the chemical reaction with the present of saturated
organic solvent in the reaction media: as-synthesized structures (A) ethyl acetate, (B)
butyl acetate, (C) hexane, and (D) toluene, 24 h incubated structures (E) ethyl acetate, (F)

butyl acetate, (G) hexane, and (H) toluene. The scale bars indicate 5 pm.

4.3 Growth mechanism of Ag microstructures

Structural evolution of Ag microstructures was conducted with observing the
Ag structures at first 5 s of reaction time (Fig.14). This indicates that Ag
microstructures start symmetrically growing from a few primary branches, then
secondary, tertiary and so on branches also grow from primary branches and finally
form a dendritic disk shape. The angles between branches were ~60° which
conformed to crystal orientation between (111) and (100) [22, 25, 26, 30, 31, 34]. The
structural evolution indicates that Ag+ ions were reduced by H,O, generating Ag
atoms, the Ag atoms tended to aggregate by a driving force of high surface energy.

They clustered as Ag nanoparticles, and by the driving force of surface energy, they
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repeatedly attached to one another with a preferred direction which called ‘oriented
attachment’ [62]. Finally, Ag microstructures showed their high rough surface on
plate shape and reflected as Ag mirror.

The faster reaction rate generates smaller particles [63, 64]. A number of Ag
atoms nucleated at the first generation, and they instantly aggregated as Ag particles
or Ag seeds to reduce the surface energy. The survival seeds continuously grew to

form dendritic microstructures.

Fig.d.14 SEM images of Ag microstructures at the beginning period of time. The scale bars

indicated 1 pm.
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4.4 Application on Surface Enhance Raman Scattering substrate

Raman intensity at 770 cm
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Fig.d.15 (A) Raman spectra of 10 uM R6G on different Ag microstructures, (B) bar graph plots
between Raman intensity and Ag microstructures and SEM images (a-d) of different Ag

microstructures. The scale bars of SEM images indicate 1 pm.

Five Ag microstructures synthesized from different conditions were
implemented as Raman substrates, and R6G in the concentration of 10 pM was used
as the probe molecules. As the result, dendritic Ag microstructures (Fig.4.15a)
synthesized from 0.667 M CH;COOAg and 31 mM H,0O, show the best enhancement
efficiency noticeable by the bar graph in Fig.4.15B which compares the peak intensity
at 770 cm of five different Ag microstructures. The second best is 3D Ag
microstructures synthesized with the same condition to Fig.4.153a, but the CH;COONa
was added to 1:8 of Ag/CH;COO- molar ratio. The Ag microstructures synthesized
with the above condition in the presence of ethyl acetate also are the third come in
the Raman enhancing efficiency. The less dendritic pattern Ag microstructures shown
in Fig.4.15d were also synthesized with the above condition, but the rate of reaction
was increased by increasing concentration of H,O, to 1%, and they still enhance the
Raman signal. The Ag microstructures synthesized at 80° C also enhance the Raman

signal even in small efficiency.
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As the result, the roughness on Ag microstructures represents Raman
enhancing efficiency. The flat Ag microstructures (Fig.4.15a) have high roughness
which assembled from a number of nanodendrites, which the molecules can place
at the gap and get the electromagnetic field from the Ag structures. The 3D Ag
microstructures assembled from dendritic Ag plate-like seeds can enhance Raman
signal because of the dendritic pattern. But their enhancing efficiency cannot beat
the first structures because the 3D structures scatter the light to every direction and
block the excitation laser themselves. The Ag microstructures synthesized in the
presence of ethyl acetate are thin, flat and highly dendritic structures, but their SERS
efficiency does not as good as the first one because their surface was still
hydrophobic that does not allow R6G molecules to penetrate into the nanogaps.
The less rough, thicker and smaller Ag microstructures synthesized from increasing
the concentration of H,O,. They can enhance Raman signal, but not too high
because of less surface area and nanogaps which indicate the number of molecules
and generate the electromagnetic field, respectively. The Ag microstructures
synthesized at 80" C show 1 pm  quasi-sphere crystal structures and hexagonal
plates. They also enhance the Raman signal, but not as good as others, because they
no dendritic pattern which generates electromagnetic field. Even they do not have
nanogaps; they can enhance the Raman signal with the junction between
themselves.

According to the best enhancing structures, Ag microstructures synthesized
with the chemical reaction between 0.667 M CH;COOAg¢ and 31 mM H,O, were
implemented as a SERS substrate. An orange dye, Rhodamine 6G (C,gH3;N,O5Cl) was
chosen as a probe molecule to observe Raman enhancing efficiency of the substrate.
Various concentrations of R6G were dropped onto the substrate and taken Raman
spectra. As the results shown in Fig.d.17, the Ag microstructures can detect R6G at
concentration as low as 0.01 nM, while without the substrate; R6G at concentration
of 1 mM cannot be detected. The desirable SERS efficiency illustrates that Ag
microstructures contain @ number of hot spots which are the junctions of
nanobranches. This is the potential of dendritic structure beyond other structures

and the Ag microstructures could be a desirable Raman substrate. The detection
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limit of the substrate has been determined by the numbers of molecules that were

excited.

Ag microstructures

Power laser = 0.1 mwW
0.1 nM R6G Exposure time =055
Number of scan = 64
Laser spot (d = 2 um)
Area of sample =1t (1 mm)?

Number of molecules= (0.1 nM)(50uL)A10° pL) x N,

= 3.0 x 10° molecules

Molecule/ pm? = (3.0 x 10° molecules)/7t (10° pm)?
= 1.0 x 10® molecules/um?

Laser spot area =7 (1 um)?
=31 um?

Exited molecules = 3.1 x 10*> molecules

Fig.d.16 Schematic drawing of Raman detection showing the volume of excitation.

The volume that laser beam passes through the solution is the excited area
which contained R6G in the portion of its concentration. Only those molecules
scatter signal to Raman spectrometer, so the detection limit is about 3010 molecules
of R6G. Even the Ag microstructures cannot enhance Raman signal to reach single
molecule detection, the preparation of substrate is done simpler and faster.
Moreover, the substrate does not require specific binding with probe molecule, thus

it is widely available for many molecules.
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Fig.4.17 Raman spectra of R6G on Ag microstructures.

Nowadays, food wraps, mainly consist of poly (vinyl chloride), PVC, are widely
used to cover leftover containers, food in stores and pealed fruits. They sometime
directly contact to food and might release some chemicals. According to the
potential of SERS property of the silver microstructures, they were tried as a Raman
substrate to detect the chemicals released from food wraps.

Plastic wrap was first created from polyvinyl chloride (PVC), which remains
the most common material. Non-PVC alternatives are now being sold due to
concerns about the transfer of plasticizers from PVC into food, although PVC is still
the most common. For some people, low density polyethylene (LDPE) is
alternatively used instead of PVC-based ones. The PVC-based films contain
plasticizers, most often bis(2-ethylhexyl) adipate (DEHA), but phthalates (most often
dibutyl phthalate (DBP) and bis(2-ethylhexyl) phthalate (DEHP)) [65], in spite of being
prohibited in most countries, also cause concern. The plasticizers were found to
migrate to some foods, for example cheeses or fatty fish and meat.

Ag microstructures have been used as a sensor to detect plasticizers releasing
from plastic wraps. The colloid of Ag microstructures was directly dropped onto 6

brands of plastic wraps bought from supermarkets and transferred them to clean
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glass slide. According to the Raman spectra shown in Fig.4.18, they show a strong
peak at 1000 cm’ (C-OH stretching) which is not shown in wraps’ spectra. We expect

this peak is from plasticizers that migrate out of the wraps.
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Fig.4.18 Raman spectra of (A) 6 brands of food wraps and (B) Ag microstructures that placed on

the food wraps and transfer to glass slide.
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Chapter V

Conclusions

In conclusion, the dendritic Ag microstructures (5-10 um average diameter
and 2-150 nm average thickness) have been synthesized by the reaction of hydrogen
peroxide and silver acetate without stabilizer or capping agent operating in ambient
condition. The kinetic change of the reaction controls the morphology of the
structures, the increase of reaction rate made the thicker, smaller and less dendritic
patterned Ag microstructures. Organic solvents also can move Ag microstructures
from the aqueous media to organic/water interface by trapping to alkyl group at
acetate ion attaching on the Ag surface. Moreover, dissolved organic solvent in
reaction media also passivated then reduced the thickness of the Ag microstructures.
In addition, the silver structures were placed as a Surface-enhanced Raman
Scattering (SERS) substrate for R6G, probe molecule, exhibiting the detection limit as
low as 0.1 nM because a plenty of nanogaps on the dendritic pattern generated a
huge electromagnetic filed then transferred to molecules in the gaps. Ag
microstructures also have very well performance at detection of plasticizers in food

wraps.
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