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 A novel technique for fabricating complex gold micro/nanostructures 
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a sacrificed silver metal and gold (III) ion have been reported. The complex gold 

micro/nanostructures could be controlled by adjustable gold ion concentration, 
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structural evolutions of gold micro/nanostructures were observed by scanning 

electron microscope (SEM) with energy dispersive X-ray spectroscope (EDS), X-ray 

diffraction (XRD), and digital camera. The epitaxial growth of gold film on the silver 

surface was disturbed by the precipitated AgCl micro/nanoparticles. The  

co-development of AgCl precipitates and galvanic generated Au film induced a 

formation of Au/AgCl micro/nanocomposites on silver surface. AgCl and     
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played important roles on the evolution of coral-liked, needled-liked gold 

nanostructures. The ultrasonic also induced an auto-detachment of the galvanic 

generated film along the Ag/AgCl interface. The complex gold nanostructures with 
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CHAPTER I 

INTRODUCTION 

1.1 Anisotropic structures for functional materials. 

Recently, metal nanostructures are of interest for researchers due to their 

differentially unique properties with bulk materials and promising applications in 

catalyst e.g., oxidative coupling, electrocatalytic [1, 2], biosensor e.g., solid support 

for immobilizing biomolecules in modern biosensor technology [3-5], optical sensing 

[6], surface enhanced Raman scattering (SERS) e.g., single molecule and single 

particle detection [7, 8]. Those applications will be needed appropriately properties of 

nanostructures that dependent on their sizes, shapes, compositions, and patterns. 

Nowadays, the anisotropic structures such as nanorod and nanowire [9], nanoplate 

[10, 11], octahedral [12, 13], nanostar, nanoflower, dendritic, branched [14-17], 

nanocage, and nanoframes [18, 19] was developed using any methods.  

The anisotropic structures have been created by seed-mediated method, polyol 

method, galvanic replacement reaction method, photochemical method, 

electrochemical method, template-mediated method and so on [20].  

However, anisotropic nanomaterials cannot use fruitful applications, 

particularly SERS. Size and shape of the metal nanomaterials influence to SERS 

performance, enhancements process of SERS based on the field enhancement at sharp 

edges, corners, and interstitials of nanoparticles [21-23]. Assembly of anisotropic 

nanostructures as film could be increased an enhancement of SERS and changed 

optical property of nanomaterials [24, 25]. Furthermore, the galvanic replacement 

reaction was one of the methods that created complex structures as film. 

 In this work, methods for synthesizing complex gold structures including 

coral-liked gold nanostructures (CLGNs), needle-liked gold nanostructures (NLGNs) 

and standing coral-liked gold micro/nanoporous (CLGPs) by using galvanic 

replacement reaction were developed. The complex gold structures occurred after 

cleaning process. The gold structures derived from galvanic replacement reaction that 

could be controlled by various parameters i.e., concentration of gold (III) ion, reaction 

time, additive ion. Furthermore, in this method we synthesized complex gold 
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structures and controlled by AgCl precipitates and     
 

-
 as template as well as 

mobile template at ambient condition. Finally, the standing CLGPs were 

demonstrated an approach to detect low concentration of rhodamine 6G (R6G) dye 

and crystal violet (CV) using a small volume (1µL). 

 

1.2 The objectives of this research 

1.2.1 To develop the new method for synthesizing complex gold 

micro/nanostructures on silver surface via galvanic replacement reaction. 

1.2.2 To study structural formation of complex gold structures due to the 

effect of Au
3+

 concentration, pH of Au
3+

 solution, reaction time and 

ultrasonic radiation.  

1.3 Scopes of research 

1.3.1 Developing a novel method for synthesizing complex gold structures. 

1.3.2 Investigating the effects of gold (III) ion concentration, reaction time, 

chloride ion, and ultrasonic radiation on the structural evolution 

1.3.3 Proposing the growth mechanism of complex gold structures. 

1.3.4 Examining the SERS property of complex gold structures. 

1.4 The benefits of this research 

1.4.1 Novel method for synthesizing complex gold micro/nanostructures 

without capping agent and stabilizer is established. 

1.4.2 Complex gold micro/nanostructures for SERS applications are 

manifested. 

 



CHAPTER II 

THEORETICAL BACKGROUND 

2.1 Gold nanostructures synthesis 

There are many methods for synthesizing metal nanostructures. Mostly, the 

fabrication methods of metal nanostructures can be divided into two main types, 

bottom-up and top-down approaches. Top-down approach was started from standard 

bulk materials and reduced to nanometer size with physical mechanization of those 

materials. Mostly bulk materials were evaporated at high temperature and dented to 

nanomaterials. But the bottom-up approaches started from atom or molecule and built 

up to nanometer size of materials using chemical reaction and physical interaction. 

Generally, methods of synthesis metal nanostructures have two important aspects, 

chemical and physical methods. 

2.1.1 Physical method 

2.1.1.1 Arc discharge method (ADM)  

The large amount of energy estimated temperature of  

1500-5000 K at gap distance between the electrodes was generated by stable pulse 

voltage about 135 volts [26-28]. The particle size of gold nanoparticles in the range of 

2-40 nm with spherical shape on surface of electrode was melted and vaporized. 

Schematic diagram of the arc discharge system generated gold nanoparticles by 

plasma between gaps of electrode shown in Fig 2.1. The advantage of ADM method 

could be generated gold nanostructures without chemical surfactants and stabilizers at 

water or ethanol solution. Spherical structures were generated in this method. 

However, this method was applied to synthesize single-walled carbon nanotubes [28]. 

2.1.1.2 Aerosol method 

Aerosol method produced gold nanoparticle by heating high 

purity gold placed inside a tube furnace at 1650 °C under carrier nitrogen gas. As the 

gold vapor at heated zone was condensed into particles and coagulated resulting in a 

wide size distribution. Charger device as UV light creating free electrons then charge 
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the neutral particles to positive and negative particles. Finally, wide size distribution 

gold nanoparticle was classified by their aerodynamic diameter at differential mobility 

analyzer by balancing the force from an electric field [29].  

2.1.1.3 Laser ablation/irradiation in liquid method  

Laser ablation with gold plates in the liquid medium with 

stabilizer can be produced various gold nanostructures (nanoparticles, nanocubes, 

nanorods, nanocomposites, etc.). The fabrication and modification of nanomaterials in 

liquid based on laser irradiation has become a rapidly growing field .Fig 2.2 shows 

schematic diagram of the laser ablation method. The particles size can be controlled 

by changing the laser intensity and wavelength [30]. 

 

Figure 2.1 Schematic diagram of the arc discharge system (A) instrument component 

(B) mechanism of plasma generated gold nanoparticles [26]. 

 

Figure 2.2 Schematic diagram of the laser ablation method [30]. 

2.1.2 Chemical method 

The chemical method is mostly popular among chemists in the few 

years. The standard protocol for synthesis gold nanostructures using chemical method 
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can be divided into chemical reaction and electrochemical reaction follows by type of 

reaction. The chemical reaction synthesized nanoparticles in liquid phase using metal 

salt and reducing agent. Borohydride reduction was classical method for synthesis of 

gold nanoparticles that the reactions occur rapidly causing the immediate nucleation 

of metal particles [31]. Recently, anisotropic noble nanomaterials (e.g., gold, silver, 

platinum, and palladium) are of interest in the few years due to those structures. More 

complicated synthetic method of anisotropic nanomaterials has been remarkable than 

isotropic nanomaterials. Seed-mediated method, polyol method, photochemical 

method, electrochemical method, galvanic replacement reaction method was 

generated anisotropic nanomaterials. 

2.1.2.1 Seed-mediated method 

The seed-mediated growth process is a widely use anisotropic 

nanostructures. This method including two steps, 1
st
 step: seed fabrication process by 

conventional reduction reaction was created. Sodium borohydride is a simple 

reducing agent for generation nanoparticle. 2
nd

 step: seed grew into the anisotropic 

structures then metal morphology using grows solution. Surfactant and mild reducing 

agent are mainly active species in the growth solution for controlling the growing of 

metal structures. Fig 2.3 shows gold nanorods preparing by growth solution with 

various aspect ratios. On the other hand, anisotropic structures could be dictated by 

varying parameter e.g., amount of concentration of seed, additive agent.  

 

Figure 2.3 (a) TEM images of gold nanorods prepare by growth solution with various 

aspect ratios [32]. 
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Preparation of gold nanorods with aspect ratios of 4.6±1.2, 13± 

2, and 18± 2.5 nm by seeding growth approach is controlled by varying the ratio of 

seed to metal salt [32]. The gold nanorods were demonstrated with three steps of 

seed-mediated growth method using different surfactants, alkyltrimethylammonium 

bromides (CTAB) and cetylpyridinium chloride (CPC). The longer chain lengths of 

the surfactant tail are producin   on er  o d nanorods. “Zippin ” mechanism was 

proposed which surfactant bilayer stabilized on the gold surface by Van der Waals. In 

general, the length of the surfactant chain increased which induced the increasing of 

aspect ratio of gold nanoparticles [33]. The seed-mediated deposition of Au nanorods 

directly on glass surfaces using CTAB was reported. The concentration of The  u   
-
 

is the key factor of the experiment that average length and aspect ratio of the nanorods 

increases with increasing  u   
-
 concentration [34]. However, seed-mediated 

synthesis method could be changed the gold structures from cubic to trisoctahedral, 

and rhombic dodecahedral structures using cetyltrimethylammonium chloride 

(CTAC), surfactant, NaBr, and aromatic additives [35, 36]. Seed-mediated co-

reduction shows new idea for synthesis gold palladium shape-controlled alloy 

nanostructures [37]. 

2.1.2.2 Polyol synthesis method 

 Polyol reduction is one of the methods to synthesize anisotropic 

structures with controllable shapes and optical properties as shown in Fig. 2.4. In a 

typical synthesis, ethylene glycol acts as reductant generating metal atoms from a salt 

precursor at an elevated temperature (100-160 °C) [38-40]. The formation of 

nanostructures with controlled shapes is facilitated by adding capping agent e.g., poly 

(vinyl pyrrolidone) (PVP). Uniform shape of the quasi-spherical gold particles 

prepared using polyol reduction between  u   
-
 in a PVP-ethylene glycol solution. 

The solution was heated up to the desirous reaction temperature (100°C to the boiling 

point of ethylene glycol). The 0.1 to 0.4 µm showed the ranges size of the powder 

[40]. Large quantities of silver nanocubes with edge length of 175 nm and nanowires 

with diameters of 30-40 nm, and lengths up to 50 µm was synthesized by ethylene 

glycol in the presence of PVP as capping reagent. The silver cubes use as sacrificial 
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templates for single-crystalline nanoboxes and hollow polyhedra of gold synthesis by 

galvanic replacement reaction [38, 39]. Different seeds (single-crystal, 

cuboctahedrons, and cubes seeds) can be grown to nanostructures with different 

shapes by controlling growth rates as shown in Fig. 2.5. For example, a single-crystal 

seed can grow into an octahedron or cube, single-crystal cuboctahedrons and cubes 

grow to nanorods with octagonal cross sections and nanobars with rectangular cross 

sections, multiply twinned seeds with a decahedral shape can be directed to grow into 

rods or nanowires with a pentagonal cross section, and plate-liked seeds grow into 

hexagonal and then eventually triangular plates [41]. 

2.1.2.3 Photochemical synthesis method 

    Photochemical synthesis gold nanoparticles as well as general 

photochemistry are similar to the previous method with chemical reductant. 

Generally, the method using a soft templates, macromolecular polymers, dendrimers 

or surfactants to form micelles or reverse micelles, control size and structures of gold 

nanostructures. Under UV irradiation conditions, intramolecular photoreduction 

generated reducing agent and also were protective action of polymer or coordination 

compound for the reduction process of Au (III) ions as shown in Fig.2.6 [42]. 

 

Figure 2.4 (A) Low- and (B) high-magnification SEM micrographs of slightly 

truncated silver nanocubes synthesized with the polyol process. (C) TEM 

images of a purified sample of silver nanowires [38, 39]. 
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Figure 2.5 A schematic illustrating the reaction pathways that leads to noble-metal 

nanoparticles having different shapes. [41]. 

 

 

Figure 2.6 Schematic illustration of the reduction process of metal salts in the 

presence of a polymer or coordination compound [42]. 

 Rod-liked gold colloidal was prepared by UV irradiation (253.7 

nm light) in the presence of hexadecyltrimethylammonium chloride (HTAC) as a 

template. At the concentration of HTAC 30 wt % containing with 5-40 mmol dm
-3

 of 

 u   
 

 will be formed to rods while prolong the irradiation time. The results of 

reaction shown the length of rod liked gold particles were increased depending on 

irradiation time [43]. Synthesis of polygonal gold nanoparticles, the method does not 

use either surfactants or polymers. Gold nanoparticles with particle size of 25-200 nm 

was reduced by odium oxalate under illumination of a mercury lamp [44]. 
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2.1.2.4 Sonochemical method  

    Chemical and physical effects of ultrasonic irradiation are 

known to prepare metal particles (Ag, Pd, Au, Pt and Rh) with nanometer size. There 

are three pathways of different reduction under sonication [45-47].  

(i) Reduction by H atoms. 

                (1) 

(ii) Reduction by secondary reducing radicals. 

                         (2) 

(iii) Reduction by radicals from pyrolysis of the additives. 

   reducin  radica s  (  )  e c .   (3) 

 (  ) e c.    (  ) e c. reducin  radica s  (4) 

   * RH: stabilizer such as a surfactant or polymer 

However, the surfactant and reducer free of gold nanoparticles 

were synthesized using a high-frequency (950 kHz) ultrasound (in the absence of any 

stabilizing, capping and reducing agents). Addition of NaCl, HCl and increasing 

 u   
 

 concentration could be enhanced plates formation that caused by the specific 

adsorption on crystal facets e.g. (1 1 1) facets of Cl
- 
[48]. Ultrasound could be assisted 

fusion of gold nanoparticles (average diameter 25±7 nm) to dumbbell-liked, worm-

liked, and ring-liked gold nanostructures [49]. The ultrasonic method created of 

extremely high pressures (∼108 Pa) and temperatures (∼5000 K). Ultrasonic 

cavitation is known to provide very rapid heating/cooling rates (e.g., greater than 

2109Ks
-1

 and may be as large as 1013Ks
-1

) leading to dramatic changes of material 

crystalline structures [50]. However, the physical effect of ultrasound is the most 

effective mean for cleaning technologies e.g. ultrafiltration membranes [51]. The 

effect of a cleaning process parameters within an ultrasonic bath results of cleaning 

process controlled hydrodynamic cavitation in the shear layer using ultrasonic [52].  
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2.1.2.5 Galvanic replacement reaction method  

    The galvanic replacement reaction was simple method for 

creating complex structures by consuming the more sacrifice metal component. 

Spontaneous redox reaction occurred if standard reduction potential of total reaction 

was positive. In the case of Ag metal and  u   
 

, the standard reduction potential of 

 u   
 

/Au pair (0.99 V vs standard hydrogen electrode, SHE) is higher than that of 

the Ag
+
/Ag pair (0.80 V vs SHE), According to previous report when a silver metal 

was galvanized by gold (III) ion, the following reactions occurred [53, 54].  

(i) Oxidation reaction.(anode site) 

  (s)     e-      (5) 

(ii) Reduction reaction (cathode site) 

 u   
- (a )  e-  u(s)    - a      (6) 

(iii) Redox reaction 

(s)Cl3AgCl(s)Au(s)(aq)AuCl3Ag(s) 4

   (7) 

Different Ag nanostructures were transformed metal 

nanostructures with hollow interiors with different morphologies including cubic 

nanoboxes, cubic nanocages, nanorings, nano-boxes, single-walled nanotubes, and 

multiple-walled nanoshells or nanotubes [53-55]. The galvanic replacement reaction 

mechanism generated nanobox and nanocages as shown in Figure 2.7. However, the 

galvanic replacement reaction could be generated complex gold nanostructures as film 

on metal substrate. Ge and Si mostly use as metal substrate under HF and Au (III) 

ions solution. HF play importance role induce oxidation reaction of galvanic 

replacement, Au (III) ions were reduced to gold atom growing to complex gold 

nanostructures on metal substrate as shown in Table 1. 
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Figure 2.7 Schematic diagrams summarizing all steps of structural evolutions 

involved the galvanic replacement reaction of a silver nanocube and an 

aqueous AuCl
-
4 solution. (A) The galvanic replacement reaction start to 

dissolve at the site that with high surface energies as oxidation reaction. 

The electron from the reaction was migrated to surface then reduce AuCl
-
4 

to Au atom. Incomplete layer of gold film epitaxial deposited on the face 

of a cube (B) continues galvanic replacement reaction between Ag and 

AuCl
-
4 formed a partially hollow nanostructure. (C) Formation of 

nanoboxes with a uniform and homogeneous wall. In the step A, B, and C 

the alloying occur underlying silver surface (D) initiation of dealloying 

and morphological reconstruction of the Au-Ag nanobox; (E, F) 

continuation of dealloying, together with the formation of pores in the 

wall; and (G) fragmentation of the porous Au nanobox. The cross-

sectional views correspond to the plane along dashed lines [53]. 
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Table 2.1 Summarized galvanic replacement reaction method for metal film creation 

Author /Year Chemical Structures Figure 

S.Y. Sayed 

et.al [56] 

(2009) 

Si, KAuCl4 xH2O, HF Gold film on 

Si 
 

Y. Wang 

et.al [57] 

(2009) 

 

Si, NaAuCl4, HF, mushroom-

shaped gold 

nanopillars 

(50 nm) 
 

S. Y. Sayed 

et.al [58] 

(2010) 

 

Ge (111), KAuCl4  xH2O, 

HF 

 

Gold films on 

germanium 

 

 

A. Gutes 

et.al [59] 

(2011) 

 

Si,  HF, and KAuCl4 Ultrasmooth 

Gold Thin 

Films 

 

X. Zhang 

et.al [60] 

(2011) 

 

Si, HF, HAuCl4 Pseudo 

hexagonal 

arrays  
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2.2 Characterization techniques 

2.2.2 Scanning electron microscope  

   Scanning electron microscope (SEM) was widely used for observation 

and characterization of the material on a nanometer to micrometer scale. The signal 

was generated from interaction of electron beam and simple include secondary 

electron and backscattered electron. Those signals were processed and displayed to 

imaging signal that obtained from specific emission volumes of simple. The image 

signals of the secondary and backscattered electron of great interest because these 

primarily show difference in the surface topography. Figure 2.8 show electron column 

component of SEM. 

 

Figure 2.8 Schematic drawing SEM of the column showing electron gun, lenses the 

electron deflection, and electron detector. 

2.2.3 Energy-dispersive X-ray spectrometer 

   Chemical analysis in the scanning electron microscope was performed 

by counting X-ray signal generated by electron beam interacting with matter. The 

principle of X-ray generations in the SEM specimen, the electron beam generated X-

ray photon in the beam while interact with specimen surface. The EDS technique 

measures when X-rays as characteristic of the element was emitted from the sample 

during bombardment. 
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2.2.4 Raman spectroscopy 

   Raman spectroscopy is the characterization technique based on an 

inelastic scattering of a monochromatic excitation source. Raman is common 

vibrational spectroscopies similar with IR spectroscopy for assessing molecular 

motion and fingerprinting species. However, Raman spectroscopy was scattering 

technique that the scattering efficiency of detection depends on those molecules. In 

my work, Raman spectroscopy was used for observing the enhanced scattering 

efficiency of Au structures. 

2.2.5 UV-visible spectroscopy 

   UV-visible spectroscopy is widely used for study of molecules and 

their electronic transitions of organic and inorganic material in solution phase. While 

light is traveling through the sample and transmitted light to detector, the 

characteristic of simple e.g., light absorption, is measured. The range UV-visible 

absorption directly affects the color of material. However, in case Ag and Au of metal 

nanomaterial show absorption and scattering in UV-visible range. In the UV-visible 

spectroscopy could be detected the optical property of metal nanomaterial by 

measuring absorbance spectrum which is the summation of absorption and scattering 

intensity of nanoparticles. 



CHAPTER III 

EXPERIMENTAL SECTION 

3.1 Chemicals and materials 

Sodium ch oride  Na    ≥ 99.99%   ni ric acid   N 3, 65%), ammonia (NH3, 

25%) and hydrochloric acid (HCl, 37% w/v) were purchased from Merck
®
 (All 

chemicals were analytical grade and were used as received without an additional 

purification). De-ionized water was used as the solvent. Silver globules  

  ≥ 99.99%  and  o d   obu es   ≥ 99.99%  wi h a diame er of  -3 mm were 

purchased from a local precious metal retailer (UmniCore (Thailand)). A solution of 

gold (III) chloride (100,000 ppm/0.5 M Au
3+

),  u   
-
, was prepared by dissolving 10 

g of gold globules in aqua regia under a mild agitation and heating (80-100 °C). When 

all gold globules were completely dissolved after heating for at least 10 hours, the 

solution was further heated until almost dry. De-ionized water was added into the 

solution and adjusted volume to 100 mL. The gold (III) ion concentration was 

employed as a source of gold (III) ion for further investigation. {Caution: aqua regia, 

a mixture of HCl and HNO3 with a volume ratio of 3:1, is very toxic chemicals and 

should be handled with care}. Prior to use, all glasswares were thoroughly cleaned 

with detergent, rinsed with de-ionized water, rinsed with aqua reqia, and thoroughly 

rinsed with copious amounts of de-ionized water. Silver globules were ultrasonic 

cleaned before galvanic replacement. 

3.2 Synthesis of coral-liked gold nanostructures 

The corals-liked gold nanostructures on the surface of silver globules were 

prepared by galvanic replacement of silver metal (Ag
0
) by gold (III) ion (Au

3+
). 

Briefly, a few silver globules were immersed into a gold (III) ion solution under a 

continuous stirring. The 5,000 ppm (0.025 M) Au
3+

 solution was prepared by diluting 

0.5 mL gold stock solution with 10 mL de-ionized water, After a 30 min immersion, 

the silver globules were removed from the solution and were cleaned with a copious 

amount of de-ionized water. The cleaned silver globule was further analyzed. The 

effect of gold (III) ion concentration on the corals-liked gold nanostructures was 
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examined by performing the galvanic replacement reaction in 50, 100, 500, 1,000, 

5,000 ppm gold (III) ion solutions (10 mL). The effect of pH gold solution was 

investigated by adjustable pH of gold (III) ion, pH 0 (without NaOH), pH 7, and 14, 

with NaOH (1 M) solution. The gold nanostructures development on the silver surface 

globules were examined after a 30min immersion. The time-dependent structural 

evolution of the corals-liked gold nanostructures was performed on a 5,000 ppm gold 

(III) ion solution (10 mL). The gold nanostructures developments on the silver surface 

were examined after 1, 5, 10, 20, 30, and 60 min immersion. 

3.3 Synthesis of needle-liked gold nanostructures 

The needle-liked gold nanostructures on the silver surface were prepared by 

galvanic replacement reaction between silver metal (Ag
0
) and gold (III) ion under 

high concentration of chloride ion (Cl
-
), in a typical experiment, silver globules were 

immersed into Au
3+

 (10 mL, 5,000 ppm) with 2 M NaCl. After 30 min immersion 

with a continuous stirring, the silver globules were removed and thoroughly cleaned 

under a flow of de-ionized water. The cleaned silver globule was further analyzed. 

The influences of the concentration of Cl
-
 on the NLGNs formation were examined by 

performing the reaction in a 5,000 ppm Au
3+

 solution with 0.1, 0.3, 0.5, 1.0, 2.0, and 

3.0 M NaCl. The silver globules were immersed in the Au
3+

 solution with extra Cl
-
 for 

30 min. The time dependent structural evolution of the NLGNs was performed on a 

system after 5, 10, 20, 30, and 60 min immersion time. 

3.4 Ultrasonic assisted fabrication of coral-liked gold nanoporous  

Free standing nanoporous gold was fabricated by galvanic replacement of a 

silver plate with Au
3+

 under an ultrasonic radiation. The ultrasonic radiation source 

was performed with ultrasonic cleaning bath. The 5,000 ppm of Au
3+

 (10 mL) 

solution was under an ultrasonic radiation, then silver plate with 0.5×0.5 mm diameter 

and 500 µm thicknesses were dropped into the solution. Silver plate was consumed 

and generated Au/AgCl composites within 10 min reaction time. Au/AgCl composites 

were removed from the solution and cleaned with a copious amount of de-ionized 
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water. The standing CLGPs were generated by dissolution of AgCl from gold 

structures using ammonia treatment method. 

3.5 Dissolution of AgCl by ammonia treatment 

The white AgCl salt, concomitantly developed along with the galvanized 

Au/AgCl composites, could be removed from the gold covered silver plate by 

immersion into ammonia solution (NH3, 10 mL, 10 % w/v) for 15 min. The residual 

ammonia was removed by rinsing with copious amount of water. 

3.6 Characterizations 

3.6.1 Scanning electron microscopy (SEM) 

A galvanized silver globule was attached to a stainless steel stub 

through a carbon tape. Scanning electron microscopy micrographs were recorded with 

a JELO 6500A (analytical electron microscope) operated at 10-30 kV under high 

vacuum mode using a secondary electron imaging (SEI) and back scattering electron 

image (BSI). Elemental analysis was carried out using energy dispersive spectrometer 

(EDS) attached to the SEM.  

3.6.2 X-ray diffraction (XRD) 

Cleansed coral-liked and needle-liked gold film were performed using 

a Rigaku D/MAX-  00 ins rumen    u Kα1 radia ion  opera ed a  50 kV and  50 m  

over range of 30 -90 by step scanning with a step size of 0.02. 

3.6.3 Surface enhanced Raman scattering (SERS) measurement 

The standing CLGPs were employed as SERS substrates while crystal 

violet (CV) and rhodamine 6G (R6G) used as a probe molecules. The silver globules 

after ammonia treatment was immersion into the solution with 0.01, 0.001, 0.0001 

mM of probe molecule for 15 min. They were then immediately cleaned with copious 

amount of de-ionized water. The SERS acquisitions were performed on a room-

temperature dried silver globules. A Raman microscope (DXR Raman, Thermo 

Scientific) was employed to record the SERS spectra.  He-Ne laser at 532 nm was 

used as the excitation laser. A 10X long objective lens with a numerical aperture of 
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0.75 focused the excitation beam onto diameter of approximately 1 µm. The scattered 

light was collected using the same objective lens. 

3.6.4 UV-visible spectroscope (UV-vis) 

5,000 ppm of AuCl4
-
 solution diluted to 10 ppm with de-ionized water 

was used as a UV-visible simple. The quartz cuvette was cleaned by de-ionized water 

before collecting the spectrum. The sample was collected using a reference as pure 

distilled de-ionized water. USB 2000 spectrophotometer was a detector and light 

source using as Deuterium lamp (Bandwidth 200-850 nm). 

 



CHAPTER IV 

RESULTS AND DISCUSSION 

4.1. Synthesis of coral-liked gold nanostructures 

The color of silver globule rapidly changed from silver to dark blue within 30 

min indicating a progress of galvanic reaction when an ultrasonic-cleaned silver 

globule was immersed into a 5,000 ppm of Au
3+

 solution. The orange-yellow color of 

the gold (III) ion solution was insignificantly changed although the color of silver 

globule was completely altered. An insignificant change in the UV/visible spectra was 

also observed. Figure 4.1 shows UV–visible absorption spectra of aqueous Au
3+

 

solution before and after galvanic replacement reaction. The spectrum revealed a 

strong absorption band at 220 nm and a shoulder at 290 nm of Au
3+

 solution before 

galvanic replacement reaction, These bands were assigned as ligand-to-metal-charge-

transfer (LMCT) transitions [61, 62]. The phenomenon indicates that the replacement 

reaction only occurs at the surface while minute amount of gold (III) ion was 

consumed by the reaction. The UV/visible spectra were dominated by the unreacted 

gold (III) ion complex showing that there was no silver ion (Ag
+
) releasing into the 

solution. After prolong reaction time of 30 min, the solution was still clear while the 

UV/visible spectrum showed an undetectable change. These phenomena indicated that 

the galvanic generated AgCl was firmly attached on the surface of silver globules 

releasing of Ag
+
 into the solution. AgCl was not released into the solution since there 

was no observable baseline shift after a prolong reaction time. The solution was still 

clear indicating that the galvanic-generated AgCl was attached no silver surface. 

SEM micrographs of the galvanized silver globules (Figure 4.2) were in good 

agreement with the color change as the smooth surface of the silver globules was 

extensively damaged. A rougher surface could be noticed even from a low 

magnification image. 
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Figure 4.1 UV-visible spectra of 5,000 ppm Au
3+

 diluted to 10 ppm non reaction and 

30 min galvanic replacement reaction. 

 

 

Figure 4.2 (A, B) Low magnification SEM micrographs of silver globules observed 

before and after galvanic replacement reaction 30 min, (inset) digital 

image of silver globules. 

The elemental composition after 30 min galvanic replacement reaction was 

investigated by energy dispersive X-ray spectroscopy (EDS). Figure 4.3A EDS 

spectrum displayed strong peaks at 2.21, 2.62, and 2.98 keV which corresponding to 

Au, Ag, and Cl character. By following the ZAF method, the calculated elemental 

composition of Au/Ag/Cl ratio was about 14.67, 67.35, and 17.97 % atom. These 

results implied that galvanic replacement reaction generated solid AgCl formation  

co-deposited with Au atom [53]. The EDS spectrum (Figure 4.3B) shows high 
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intensity of Au and low intensity of Ag such that, 94.32 and 5.86 % atom after 

removing the AgCl solid with a NH3 solution (ammonia treatment), while the signal 

for Cl was not detected. From the EDS data, it could be explained that the galvanic 

replacement reaction generated Au/AgCl composites and changed to pure Au 

structures after ammonia treatment. SEM micrographs (Figure 4.3A inset) showed the 

smooth morphology of AgCl patches with domain size of 1-2 µm covered with gold 

structures. Selectively dissolution of AgCl patches was performed by 10 % w/v NH3 

solution. Missing the large morphology of AgCl and the porosity of CLGNs with high 

surface roughness was appeared when AgCl was removed. The morphology of gold 

nanostructures is similar to a coral which called coral-liked gold nanostructures. 

 

Figure 4.3 (A, B) Energy dispersive X-ray spectra of Au/AgCl layer with 30 min. 

before and after ammonia treatment, (inset) SEM micrographs of 

corresponding condition. 

To confirm galvanic generated Au/AgCl composites by EDS mapping, the 

elemental distribution was displayed in Figure 4.4 showing Au, Ag, and Cl contents 

of Au/AgCl composites and CLGNs. Black and pink areas indicated low and high 

signal of those elements. The pink areas of Ag and Cl maps (Figure 4.4 A3, A4) are 
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more than that of Au map (Figure 4.4 A2) before AgCl removing. On the other hand, 

larger pink area of gold maps (Figure 4.4 B2) comparing with Ag and Cl was 

observed after AgCl removing. 

 

Figure 4.4 Elemental distributions at 30 min galvanic replacement reaction of silver 

globules and 5,000 ppm of Au
3+

. (A1) SEM micrographs of galvanized 

silver globule surface before ammonia treatment, (A2-A4) Au, Ag, and Cl 

maps before ammonia treatment of silver surface. (B1-B4) corresponding 

SEM micrograph and EDS maps after remove AgCl by ammonia 

treatment. 

The galvanic replacement reaction is one of the simple methods for creating 

complex structures (e.g., thin film, hollow structure, porous structure, bi metallic, and 

alloy) by consuming the more sacrificed metal component [63, 64]. When immersing 

silver metal into gold (III) ion solution, silver metal which acted as anode site was 

rapidly oxidized resulting Ag
+
 and electrons (equation (5)). The electrons transfer to 

surface that acted as cathode site which captured Au
3+

 on silver surface generating 

Au
0
 and Cl

-
 (equation (6)), while Cl

-
 reacted with Ag

+
 and became AgCl (equation 

(7)). The solubility product (Ksp) of AgCl in water about 1.8 ×10
-10

 at 20℃ due to 

solid AgCl co-deposited with gold [53, 65]. The size of AgCl patches is bigger than 

Au that controls Au deposition through AgCl layer, according to stoichiometry of 

AgCl which is 3 times more than Au. However, galvanic replacement reaction 

generated excess Cl
-
 into environmental reaction. The solubility of AgCl was 

decreased in the atmosphere of the excess Cl
-
 environment due to the common ion 
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effect as shown in equation (8) [65-67]. However ammonia treatment method was as a 

tool for studying the influential CLGNs formation as shown in Figure 4.6 as well as 

equation (9). 

 

  (s)    (a ) e-     (5) 

 u   
-
 a   e-  u(s)    - a     (6) 

   (s)  u(s)       s    - a     (7) 

    (s)   - a     (  )
 

-
 a     (8) 

Figure 4.5 Schematic diagram of galvanic replacement reaction shows Au/AgCl  

co-depositions on sacrificed silver surface, i.e., as the film become 

thicker. Equation (5, 6) oxidation and reduction reaction occurred as 

anode and cathode site. Equation (7) shows total galvanic replacement 

reaction. Common ion effects of AgCl are also depicted in equation (8).   

 

    (s)  N  (a )   (N  ) 
 (a )   - a    (9) 

Figure 4.6 AgCl dissolution process by ammonia treatment (NH3). 
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4.1.1. The concentration effect of Au
3+

solutions on gold structures 

Optical property of galvanized silver surface changes when increasing 

the concentration of Au
3+

. Figures 4.7(A, B) show digital images of Au
3+

 solution at 

various concentrations (0, 50, 100, 500, 1,000, and 5,000 ppm) before immersing and 

immersing silver globules at 30 min of galvanic replacement reaction. At low 

concentrations, 50 and 100 ppm Au
3+

, the yellow color did not appear while the light 

yellow was noticed at 500 ppm. The optical property of silver surface significantly 

changes when immersing silver globule at various Au
3+

 concentrations. At 50 and 100 

ppm, the optical property of galvanized silver surface was not clearly changed. The 

galvanic reaction of low Au
3+

concentrations and silver sacrificed layer was not 

change optical property of silver surface. Ultrathin film gold with 5nm was 

continuously deposited on substrate showing highly transparent property of gold film 

[68]. Light brown was appeared when increased concentration of Au
3+

 up to 500 ppm. 

The silver surface color was changed to black at high concentration, 1,000 and 5,000 

ppm. Light brown and black result from the thinness of Au/AgCl composites was 

increased due to galvanic replacement reaction. 

 

Figure 4.7 (A) Digital images of Au
3+

 concentration at 0, 50, 100, 500, 1,000, and 

5,000 ppm. (B) Corresponding condition (A) of silver globule after 30 

min of galvanic replacement reaction. 

SEM micrographs were used to follow the structural evolution 

involving as various Au
3+

 concentrations. As the concentration of Au
3+

 increased 

from 50 ppm to 5,000 ppm, more complex Au structures were observed. At low 

concentration of Au
3+

 (Figure 4.8 A2, 50 ppm), spherical AgCl precipitated with 

domain size of 0.1-0.3 µm and scattered over the surface and aggregated to clusters 
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AgCl with domain size of 1.0-3.0 µm and were generated over the surface of silver 

surface. The clusters of AgCl precipitates grew larger once Au
3+

 was increased to 100 

ppm (Figure 4.8 A3, 100 ppm). When the concentration of Au
3+

 was increased to 500 

ppm (Figure 4.8 A4, 500 ppm), a plate-liked AgCl precipitates of smaller domain  

(1 µm) were generated. An even smaller plate-liked silver precipitation was obtained 

as the concentration of Au
3+

 was increased to 1,000 ppm (Figure 4.8 A5, 1,000 ppm). 

However, as the concentration of Au
3+

 was increased to 5,000 ppm (Figure 4.8 A6), 

larger plate-liked AgCl precipitations with smooth surface were obtained. The 

evidence of gold structures was observed in this condition by removing AgCl. After 

the removal of AgCl precipitates by ammonia treatment, the gold nanostructures were 

revealed. At low concentration of Au
3+

 (Figure 4.8 B2, 50 ppm), spherical gold 

nanoparticles with particle size of 80-400 nm were developed. Gold structures with 

plate-liked nanostructures start developing at 100 ppm of Au
3+

 concentration (Figure 

4.8 B3). As the concentration of Au
3+

 increased (Figure 4.8 B4, 500 ppm), the gold 

plate with thickness size of 40-60 nm was grown in the direction normal to the silver 

surface. The plate length was increased when increasing concentration of Au
3+

 to 

1,000 ppm (Figure 4.8 A5). As the concentration of Au
3+

 increased, larger and more 

delicate CLGNs were developed. The delicate CLGNs observed in Fig. 4.8 B6 

suggest that the AgCl precipitates, which concomitantly generated with the gold 

structures, that prevented the collapse of the gold structures as the CLGNs grew inside 

the AgCl precipitates. Reaction rate of galvanic replacement depended on the 

concentrations of Au
3+

 [65]. The effect of Au
3+

 concentration on gold structures was 

confirmed by Nernst equation as shown in equation (6) [66]. Oxidation potential of 

galvanic replacement reaction depended on Ecell of reaction that related with 

concentration of Au
3+

. Concentration of Au
3+

 was increased, deposition rate of Au 

atoms and AgCl were increased due to the oxidation potential of Au
3+

. More complex 

gold structures were created with high concentration of Au
3+

 when prolonging 

reaction time. 

 

 



 26 

 

 

Figure 4.8 Structural developments of CLGNs due to concentration of Au
3+

 with 30 

min reaction time. (A1-A6 and B1-B6) SEM micrographs of Au/AgCl 

composites and Au nanostructures increase the concentrations, 0, 50, 100, 

500, 1,000, and 5,000 ppm Au
3+

 at 30 min of reaction time. 
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For an M
m+

/M couple:       0 (
  

  
 n[ n ])  (6) 

Where  R  = Molar gas constant = 8.314 JK
-1

mol
-1

 

  T = emperature in K 

  Z  =Number of moles electrons transferred per mole of reaction 

  F  = Faraday constant = 96485 Cmol
-1

 

  Mn
+
  = Au

3+
 concentration in mol dm

-3
 

 

Elemental composition on galvanized silver surface with 50, 100, 500, 

1,000, and 5,000 ppm of Au
3+

 was explored as shown in Figure 4.9. The atomic ratio 

of Ag/Au before ammonia treatment will be decreased when the Au
3+

 concentration 

increased from 50 to 500 ppm as 45.8, 13.80, and 3.70. Conversely, atomic ratio of 

Ag/Au was slightly changed when increasing the concentration of Au
3+

 up to 5,000 

ppm, about 3.4, and 2.3. The atomic ratios of Ag/Au after ammonia treatment with 

any Au
3+

 concentration was decreased comparable  before ammonia treatment. On the 

other hand, atomic ratio of Cl/Au before ammonia treatment insignificantly changed 

when increased the concentration of Au
3+

 to 5,000 ppm. But atomic ratio of Cl/Au at 

each concentration after ammonia treatment was decreased. Penetration depth of 

electron interaction with matter can be calculated from Kanaya and Okayama 

mathematical model that it could be explained differently atomic ratio of Ag and Cl 

with Au. Penetration depth of electron interaction with Au film about 857.32 nm was 

calculated with 20 keV by following equation (7) [69].   

  u(nm) 5.   0
1.     (7) 

 

Where    u  = Bethe range, penetration depth (nm) 

  0 = Beam energy (keV) 
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If the thinness of galvanized layer is lower than 857.32   nm, the signal 

of silver sacrificed layer was observed at 20 keV. In our case, monitoring of 

transformative gold thinness was traced by atomic ratio of Ag/Au.  The galvanic 

reaction of Ag and low concentration of Au
3+

 (50 and 100 ppm) atomic ratio of 

Ag/Au is higher than high concentration of Au
3+

 (500, 1,000, and 5,000 ppm). Since 

Ag content was measured from silver sacrifice layer and AgCl from galvanized-layer. 

Electrons can pass through galvanized-layer to silver sacrificed layer, due to the 

thinness of galvanized layer is lower than electron penetration depth. Since the 

thinness of galvanized layer at high concentration of Au
3+

 is higher than electron 

penetration depth, only Ag signal from galvanized layer was detected. Atomic ratio 

Ag/Au was decreased because electron cannot interact with silver sacrificed layer. 

However the atomic ratio of AgCl is more than the standard molar ratio of Ag/Cl. X-

ray photoelectron spectroscopy (XPS) and EDS results, the molar ratio of Ag/Cl was 

about 1.05 and 1.03 but both XPS and EDS can easily decompose AgCl into Ag [70].  

 

Figure 4.9 Elemental analysis of galvanized layer on silver surface with 0, 50, 100, 

500, 1,000, and 5,000 ppm Au
3+

 solution at 30 min. (A) ratio of Ag/Cl (B, 

C) Au and Ag before and after ammonia treatment. 

4.1.2. Time dependent evolution of CLGNs 

Time dependent evolution of CLGNs at 5,000 ppm of Au
3+

 is followed 

by SEM. Figures 4.10 SEM micrographs of Au/AgCl and Au showed several 
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morphology of gold nanostructure before and after ammonia treatment that can be 

monitored structural growth by following reaction time, 1, 5, 10, 20, and 30 min. As 1 

min of reaction time (Figure 4.10 A1), spherical AgCl precipitates with domain size 

of 60-100 nm dispersed over the surface as well as aggregated to clusters AgCl with 

domain size of 1-3 µm were generated over the surface of silver. The clusters of AgCl 

precipitates grew larger as reaction time was increased to 5 min (Figure 4.10 A2). 

When the reaction time was greater than 10 min (Figure 4.10 A3), semi-continuing 

AgCl layer were generated. Continuing AgCl layer were obtained as the reaction time 

was increased to 20 min (Figure 4.10 A4). However, when the reaction time was 

increased to 30 min (Figure 4.10 A5), AgCl dissolution phenomenon was observed 

with generating the gap of AgCl. At the same condition, micro-channels with domain 

size of 0.5-1 µm of silver chloride layer were obviously detected. The micro-channels 

inside AgCl structures resulted with Cl
-
 envelopment, these channels through AgCl 

are the main path for ionic transport [47]. Finally, NLGNs start to grow through AgCl 

structures at 30 min galvanized time. An evidence of CLGNs was observed in this 

condition by removing AgCl. Porous gold film with pore size of 50-800 nm was 

developed at 1 min of galvanic replacement reaction as shown in Figure 4.10 B1. That 

porous gold was produced from selective dissolution of AgCl without gold structures. 

Gold nanostructures with plate-liked nanostructures start developing on gold film 

since 1 min and more plate-liked nanostructures when increasing galvanized time to 5 

min (Figure 4.10 B2). As the reaction time of the galvanic replacement reaction was 

increased to 10 min (Figure 4.10 B3), the plate-liked gold nanostructures with 

thickness size of 40-60 nm grew at normal direction and increased porosity of 

structures. Similarly growing as CLGNs was developed at 20 min (Figure 4.10 B4). 

The complexity of CLGNs was increased when increasing galvanized time to 30 min 

(Figure 4.10 B5), while NLGNs start developing on plate-liked gold nanostructures at 

this condition. At 60 min of galvanic replacement reaction increased, a larger and 

more delicate CLGNs and NLGNs were developed. The delicate CLGNs observed in 

Figure 4.10 B6 suggested that the AgCl precipitate, which concomitantly generated 

with the gold structures, prevented the collapse of the gold nanostructures as the 

CLGNs grew inside the AgCl precipitates. Time dependent evolution of CLGNs 

development was confirmed by following the history of galvanized layer growth. The 
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vertical panorama SEM micrograph was the new technique for characterization the 

detail of gold film layer. Figure 4.10 (C), cross section vertical panorama SEM 

micrograph with thinness 22 µm on CLGNs was captured at 30 min reaction time. 

The galvanized layer at initial state, dense gold was epitaxial depositing with layer 

thinness about 300 nm. The dense gold layer resulting epitaxial deposition of Au on 

silver surface was attached more than AgCl. This can be caused by the same lattice 

constants of gold (0.408) and silver (0.409), While the lattice constant of silver 

chloride (0.544) was different due to AgCl no epitaxial depositing on gold and silver 

[71]. The gold nanoporous clearly developed when the galvanized layer grew up to 

500 nm. Gold nanoporous with 50-80 nm was observed at 500-5,000 ppm of Au
3+

 

solution. Larger AgCl precipitate was formed as the thinness of galvanized layer 

increasing since 2 µm up to completely layer. That occurrence can be noticed from 

micro porous on CLGNs layer. The gain defect of AgCl and Au on Au/AgCl 

composites was appear due to different lattice constants. 

4.1.3. AgCl under layer formation on the Au/AgCl composites 

Figure 4.11 showed the SEM micrographs of CLGNs observed AgCl 

under layer formation phenomena. Cross-section of CLGNs at 5, 30, and 60 min 

before and after galvanic reaction were separated from Ag sacrificed surface. At 5 sec 

of galvanic replacement reaction, spherical gold with domain of 150-300 nm grew on 

sacrificed silver surface with thinness of 700-800 nm while the gain boundary of Ag 

indicated on the silver surface due to galvanic corrosion. After ammonia treatment the 

morphology and thinness of CLGNs is similar with that before ammonia treatment. 

The results confirmed epitaxial deposition of Au on silver surface and no epitaxial 

deposition of AgCl on Ag surface. Au atoms could be deposited on silver surface is 

more than AgCl, morphology of Au/AgCl nanocomposites after ammonia treatment 

was no observed. AgCl under layer formation was observed at 30 sec of galvanic 

reaction. The thinness of Au/AgCl composite before ammonia treatment about 1.6 µm 

was decreased to 1.2 µm after ammonia treatment.  Then AgCl was detected on silver 

surface but porous structures on silver surface were noticed after ammonia treatment. 

The corrosive silver surface occurred while galvanic reaction was implied due to 

AgCl formation under layer. When prolonging the reaction, AgCl under layer was 
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clearly generated between Au/AgCl composites and silver surface. The thinness of 

Au/AgCl composite and AgCl under layer about 2.6-3 µm before ammonia treatment 

was decreased to 1.9-2.3 µm after ammonia treatment. 

 

Figure 4.10 (A1-A6) Time dependent evolution of Au/AgCl co-deposited on silver 

globules surface by galvanic replacement reaction, silver globules and 

5,000 ppm Au
3+

 at 1, 5, 10, 20, 30, and 60 min respectively, (B2-B6) 

structural development of gold after removing silver chloride by 

ammonia treatment. (C) Cross section vertical panorama SEM 

micrograph on CLGNs with 30 min reaction time. 
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Figure 4.11 (A, C, and E) SEM micrographs of cross section galvanized silver 

surface with 5,000 ppm Au
3+

 at 5, 30, and 60 sec reaction time before 

ammonia treatment. 

4.1.4. The pH of Au
3+

 solution influence on gold structures 

Generally, highly acidic condition (pH 0) of Au
3+

 solution was 

prepared by dissolving Au metal with aqua regia. At neutral (pH 7) and alkaline (pH 

14) conditions were tuned by adjusting with NaOH. The pH effects of Au
3+

 solution 

on galvanic replacement reaction were depicted in Figure 4.12.  The optical property 

changed from silver to dark brown, light brown and muddy silver when increasing 

NaOH. The effects of pH on gold structures transformation were confirmed by SEM 

micrographs. SEM micrographs showed the complexity of the galvanized silver 

surface was decreased when increasing pH of Au
3+

 at the acidic to alkaline conditions. 

SEM micrographs of galvanized silver surface indicated the normal condition of 

galvanic replacement reaction after ammonia treatment. Gold prefer to grow on silver 
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surface as a CLGNs with plate thickness of 80-100 nm. At neutral condition of Au
3+

, 

Zen stone-liked gold microstructures with diameter of 10-12 µm was developed as 

vertical direction. When the pH of Au
3+

 solution was adjusted to alkaline condition 

(pH 14), the AgCl precipitates was appeared due to insignificant change on 

galvanized silver surface (Figure 4.12 C). 

 

Figure 4.12 Structural developments of coral-liked, Zen stone-liked gold 

nanostructures, and gold thin film due to pH of Au
3+

 solution with 30 

min reaction time. (A, B, and C) SEM micrographs of galvanized silver 

surface of 5,000 ppm of Au
3+

 solution with pH 0, 7, and 14, reaction 

time 30 min respectively. (1and 2) SEM micrographs were compared 

after ammonia treatment. 

To observe the elemental composition of galvanized layer at vary pH 

(7, and 14) by EDS was compared with normal condition (pH= 0). Figure 4.12 shows 

atomic ratios of galvanized layer at pH 0, 7, and 14 (A, B) before and after ammonia 

treatment. Atomic ratios of Ag/Au and Cl/Au had good results of 2.33 and 1.43 at pH 

0 of Au
3+

 solution. When the pH of Au
3+ 

was increased up to neutral, atomic ratios of 

Ag/Au and Cl/Au was insignificantly decreased to 1.49 and 1.21 although the Zen 

stone-liked gold microstructures completely changed. However the galvanic 

replacement reaction Au
3+

 at alkaline condition with Ag metal, atomic ratios of 

Ag/Au and Cl/Au is more than previous conditions. After ammonia treatment, atomic 
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ratio of Ag/Au was upturn to 108.3 while atomic ratios of Cl/Au dropping to 0.58. 

However atomic ratios of Ag/Au and Cl/Au at neutral condition are similar to that of 

acidic condition after ammonia treatment. The EDS mapping of Zen stone-liked gold 

microstructures clearly indicated in Figure 4.13. 

 

Figure 4.13 Atomic ratios of Ag/Au and Cl/Au on galvanized-layer at pH 0, 7, and 

14 (A, B) before and after ammonia treatment. 

 

Figure 4.14 EDS mapping of elemental Zen stone liked-gold microstructures (A) 

SEM micrograph, (B, C, and D) Cl, Ag, and Au mapping. 
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4.2. Synthesis of NLGNs 

Figure 4.14 shows NLGNs using the same chemical as that of CLGNs 

synthesis. Low magnification SEM micrographs of the complete galvanized layer 

before and after ammonia treatment are shown in Figure 4.14 (A, B), it is noticeable 

that the structural changing on the top surface of NLGNs was not observed. 

Unchangeable NLGNs was implied that the needle structures completely coverage 

AgCl.  The cross-section view of SEM micrographs with back scattering detector was 

shown in Figure 4.14 (C, D). A white and brown area refers to Au and AgCl that 

showing NLGNs grew through AgCl structures.  Figure 4.14 (E) corresponds to the 

previous Figure captured with secondary electron detector (SEI) as normal SEM 

micrographs. 

 

Figure 4.15 (A, B) SEM micrographs of NLGNs before and ammonia treatment (C, 

D) SEM micrographs with back scattering detector (E) corresponding 

SEM micrograph with (D). 

4.2.1. The effect of NaCl on NLGNs 

The NLGNs with single tip was growing with the same condition as 

that of CLGNs. Silver metal was dipped into 5,000 ppm Au
3+

 with 2 M NaCl, the 
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NLGNs occurred. Cl
-
 is key factor of NLGNs growth. When 5,000 ppm Au

3+
 mixed 

with 2 M NaCl, light yellow no change while silver globules performing the slow 

change of color to black when galvanic replacement occurred. The different NaCl 

concentrations (0 M, 0.1M, 0.5 M, 1M, 2M, 4M NaCl) mixing with 5,000 ppm Au
3+

 

was monitored at 30 min reaction time as shown in Figure 4.15. The galvanic 

replacement reaction without adding NaCl, CLGNs was obtained. At 0.1 M NaCl 

mixing with 5,000 ppm Au
3+

, thorn-liked gold nanostructures with diameter of  

100-500 nm and the length of 1-2 µm was developed blending with AgCl as smooth 

surface. These structures distinctly noticed after removing AgCl.  Larger diameter and 

the length of thorn-liked gold nanostructures developed over AgCl structure when 

increasing to 0.3 M NaCl. At the same condition of initial state of NLGNs with tips 

diameter of 80-120 nm and needle length of 1-1.3 µm joined with thorn-liked gold 

nanostructures. At the concentration of NaCl was increased to 0.5M, the NLGNs with 

smaller tip grew longer into vertical direction. Only NLGNs developed on the gold 

film when increasing NaCl until 3 M NaCl. However, connecting NLGNs layer was 

not completely covered the total area of silver sacrificed surface. 

4.2.2. Micro-channel on AgCl layer 

In previous experiment, ammonia treatment was applied for detecting 

structural transformations of galvanized layer including Au/AgCl composites and Au 

structures without AgCl precipitates.  In this experiment, the ammonia treatment was 

used to study the middle AgCl layer, 0.5 % w/v NH3 softly dissolved AgCl on the 

surface galvanized layer for 15 min. All NLGNs were synthesized using 5,000 ppm 

Au
3+

 with 2 M NaCl as 30 min of galvanic replacement reaction. Figure 4.17, SEM 

micrographs show galvanized surface which was removed AgCl at 0, 0.5, and 10 % 

w/v NH3. Micro channel with diameter of 300-500 nm was detected on AgCl surface, 

original NLGNs was fabricated as shown in Figure 4.17 A. When using low 

concentration of NH3, AgCl was not completely removed. The residue of AgCl layer 

showed in Figure 4.17 (B), the micro channels only occurred on AgCl layer. This 

phenomenon was confirmed that the gold surface insignificant detected micro 

channel. However AgCl was completely dissolved by using 10 % w/v which the 

micro channel cannot observe. 
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Figure 4.16 (A1-A6) Structural developments of NLGNs by galvanic replacement 

reaction, silver globules and 5,000 ppm of Au
3+

 solution was mixed 0, 

0.1, 0.3, 0.5, 1, 2 M NaCl at 30 min respectively. (A2-A6) structure 

developments of NLGNs after remove AgCl by ammonia treatment. 
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Figure 4.17 (A, B, and C) SEM micrographs of galvanized silver was removed AgCl 

with 0, 0.5, and 10 % w/v NH3. (1 and 2) SEM magnifications take with 

5,000x and 10,000x 

4.2.3. Time dependent evolution of NLGNs 

Structural evolution of NLGNs due to reaction time of galvanic 

replacement reaction was monitored by SEM. From Figures 4.17, SEM micrographs 

of galvanized layer were observed the growth mechanism steps of NLGNs by 

monitoring the reaction time as follows: 0, 5, 10, 20, and 30 min. Figure 4.17 A1, 

SEM micrographs of silver sacrificed surface before galvanic replacement reaction 

has taken place with insignificant changed after ammonia treatment. After 5 min 

galvanic replacement reaction, AgCl concomitant with domain size of 1-1.5 µm grew 

over gold structures. The micro porous gold with domain size of 1-1.5 µm was 

observed after removing AgCl. The differential structures comparable to similarly 

condition of CLGNs, the plate-liked gold nanostructures cannot develop on gold film 

at 5 min reaction time. When the reaction time increased to 10 min (Figure 4.17 A3), 

gold cluster with domain size of 5-6 µm were generated through AgCl layer. Little 

plate-liked gold nanostructures were developed on the gold cluster and no AgCl 

feature co-deposited on gold cluster. Continuous galvanic replacement reaction 

occurred as the reaction time increased to 20 min (Figure 4.14 A4). Selective 
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deposition of gold due to galvanic reaction was filled on gold cluster, little plate-liked 

gold nanostructures transformed to NLGNs.  

 

Figure 4.18 (A1-A6) Time dependent of NLGNs by galvanic replacement reaction 

between silver globules and 5,000 ppm Au
3+

 was mixed 2 M NaCl at 0, 

5, 10, 20, 30 and 60 min respectively. (A2-A6) corresponding of NLGNs 

after removing AgCl by ammonia treatment. 
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When the reaction time increased to 30 and 60 min (Figure 4.14 A5, 

A6), finally NLGNs was generated on gold cluster. The vertical panorama SEM 

micrograph shows the detail growth of NLGNs. Cross section vertical panorama SEM 

micrograph with thinness of 13-15 µm on NLGNs was captured at 30 min reaction 

time. The galvanized layer at initial state, dense gold was epitaxial depositing with 

continuous layer. 

4.2.4. X-ray diffraction (XRD) pattern of the CLGNs and NLGNs 

Figure 4.20 shows X-ray diffraction (XRD) pattern of the CLGNs and 

NLGNs after ammonia treatment. The XRD pattern obtained four peaks at 38.12, 

44.12, 64.48, 77.5 corresponding to the (111), (200), (220), (311) planes of a face 

centered cubic lattice [17, 18]. It is worth noting that the intensity ratio (coral 0.42), 

needle 0.37) of the 200 to 111 that one is lower than the conventional intensity ratio 

(gold powder 0.52) [19, 20]. These observations imply that the deposited of CLGNs 

and NLGNS tend to nucleate and grow into their surfaces terminated by the lowest 

energy (111) facets 

 

Figure 4.19 XRD patterns of CLGNs and NLGNs after ammonia treatment 
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4.3. Synthesis of standing coral-liked gold nanoporous 

The standing CLGPs synthesis by using ultrasonic assisted. (1) The advantage 

of the method, fast galvanic creation complex nanostructures, (2) no additive agent 

such as capping agent, stabilizer, reducing agent, and (3) easy cleaning. Fabrication of 

CLGPs as microstructures using ultrasonic radiation was assisted at room condition. 

 

4.3.1. Optical property of Au/AgCl composites 

Figure 4.22 shows digital image as a video snap shot of galvanic 

reaction (A) 5,000 ppm of Au
3+

 before galvanic replacement reaction, (B-E) galvanic 

replacement reaction at  00:00.000, 00:0.083, 00:09.167, 00:20.242, and 07:13.917 

reaction time (sec). The fast galvanic replacement reaction created Au/AgCl 

composites at 0.83 sec, the color of silver surface change to black (Figure 4.22 (B 

compares with C)). Au/AgCl composites were ejected from silver surface when the 

reactions continuously occurred to 9.16 sec. the clearly phenomena was observed at 

20 sec, the black diffused to Au
3+

 solution while silver color appeared on silver 

surface. Au/AgCl composites were released under ultrasonic radiation condition due 

to regenerate Ag free surface. Regenerative free Ag surface and galvanic replacement 

reaction occurred as circle galvanic replacement reaction and completely consumed 

Ag sacrifice at 7-10 min. 
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Figure 4.20 Digital images of snap shot video of galvanic reaction (A) 5,000 ppm 

Au
3+

 before galvanic replacement reaction (B-E) galvanic replacement 

reaction at  00:00.000, 00:0.083, 00:09.167, 00:20.242, and 07:13.917 

reaction time (sec). 

4.3.2.  UV-visible change of Au
3+

 solution on galvanic replacement reaction 

Optical absorption of Au
3+

 before and after galvanic replacement 

reaction was investigated by UV-visible spectroscopy. The Figure 4.23 shows UV–

visible absorption spectra of aqueous Au
3+

 solution before and after galvanic 

replacement reaction. The strong adsorption band at 220 nm and shoulder at 290 nm 

were decreased when galvanic replacement reaction completely consumed Ag. The 

orange-yellow color of the gold (III) ion solution was insignificantly changed to green 

after galvanic replacement reaction. Figure 4.23 (A, B) inset image shows the color of 

Au3+ solution before and after galvanic reaction. 
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Figure 4.21 (A, B) UV-visible spectra of 5,000 ppm Au
3+

 diluted to 10 ppm before 

and after galvanic replacement reaction. Image inset: Digital image of 

Au
3+

 solution. 

 

4.3.3. The morphology of CLGPs 

SEM micrographs of Au/AgCl composites and CLGPs after removing 

AgCl show in Figure 4.24. Au/AgCl composites with domain size of 80-300 nm at 

upper layer was formed Au/AgCl micro plates with a thinness of 1-2 µm. A 

continuous layer of AgCl part with domain size of 0.3-1 µm was investigated lower of 

Au/AgCl composites. CLGPs were generated when AgCl was removed under NH3 

condition. Pore size of CLGPs was the combination of between nano and micropores. 

Pore size of micropores about 150-300 nm was produced on the surface of CLGPs 

and pore size of nanopore about 30-60 nm was investigated inside of micropores. 

Figure 4.25 shows pore size distribution of CLGPs. Inset Figure 4.25 was the SEM 

micrograph which was captured at high magnification (100,000X) of CLGPs. 
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Figure 4.22 CLGPs synthesis by using ultrasonic assisted, (A, C, and E) SEM 

micrographs CLGPs before ammonia treatment and (B, D, and F) after 

galvanic replacement reaction. 
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Figure 4.23 Pore size distribution of CLGPs show combinations of micro and 

nanoporous on structures, (inset) SEM micrograph captured with high 

resolution. 

4.3.4. Elemental composition of Au/AgCl composites and CLGPs 

The elemental composition of Au/AgCl composites and CLGPs were 

shown in Figure 4.25. EDS spectrum showed high intensity of Au, Ag, and Cl at 2.21, 

2.621, and 2.983 keV, the atomic ratio of Au/Ag/Cl is about 19.86, 44.96, 35.17. 

After removing AgCl by ammonia treatment, atomic ratio of Au was strongly 

increased to 96.27 while Ag and Cl about 3.74 and 0 were detected. The morphology 

of CLGPs included Ag inside gold structure. 



 46 

 

Figure 4.24 EDS spectra of Au/AgCl composites and CLGPs 

4.3.5. Proposed circle galvanic replacement reaction mechanism. 

Schematic diagram of circle galvanic replacement reaction showed in 

Figure 4.25. The film is automatically detached from the sacrificed silver plate as the 

film becomes thicker under ultrasonic radiation. The mechanism of circle galvanic 

replacement reaction could be explained auto ejection of the Au/AgCl composites: 

(A) original of a clean Ag metal before immersed to Au
3+

 solution, non-galvanic 

replacement reaction, (B) while clean Ag metal was dipped into Au
3+

 solution, Rapid 

epitaxial growth of Au film on the clean Ag surface, (C) precipitation and formation 

of AgCl precipitates was formed on Au film and, (D) Au/AgCl nanocomposites when 

prolong galvanic reaction, (E) AgCl underlay start development under Au/AgCl 

nanocomposites, (F) ultrasonic assisted detachment of the (galvanic generated) 

interpenetrated Au/AgCl nanocomposites film with AgCl underlay from the silver 

plate.  



 47 

 

Figure 4.25 Schematic diagram of circle galvanic replacement reaction show the film 

is automatically detached from the sacrificed silver plate, i.e., as the film 

becomes thicker. The mechanism of the nanoporous gold film 

development included: (A) supply/regeneration of a clean Ag surface 

(B) rapid epitaxial growth of Au film on the clean Ag surface (C) 

precipitation and formation of AgCl precipitates on Au film (D) 

formation of interpenetrated Au/AgCl nanocomposite (E) development 

of AgCl underlay (F) ultrasonic assisted detachment of the (galvanic 

generated) interpenetrated Au/AgCl nanocomposite film with AgCl 

underlay from the silver plate. The detachment occurs at the interface 

between Ag plate and the AgCl underlay. The ultrasonic assisted auto-

detachment enables a self-initiated formation of clean Ag surface of the 

silver plate. 
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4.3.6. Surface enhanced Raman scattering (SERS) activity of CLGPs 

The SERS studies were done by using a DXR Raman microscope. The 

SL crystals were transferred to a thin glass plate, washed with ethanol, and dried 

under ambient conditions. The SERS measurements were using crystal violet (CV) 

and rhodamine 6G (R6G) as the Raman probe molecule. The various concentrations 

of CV and R6G solutions were prepared in water at (10
-3

-10
-6

M). The 1 µL of 

standing CLGPs were dropped in glass slide and dried under vacuum condition. After 

that the 1 µL required concentration of R6G and CV were dropped on standing 

CLGPs and dried under vacuum condition. Figure 4.8 and 4.9 show the SERS spectra 

of R6G and CV collected from the surface standing CLGPs using 532 nm excitation 

lasers with 1s acquisition time. All the peaks of R 6G and CV have been assigned in 

Table 1 and 2. 

 

Figure 4.26 SERS of 1x10
-5

 and 1x10
-6

 M R6G on CLNPs compared with 1x10
-3

 M 

R6G on glass slide. 
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Table4.1. Assignment of Raman bands of the SERS spectrum of R6G [72] 

Raman band assignment Raman shift (cm
-1

) 

Xanthenes ring stretching, 

 in plane C-H bending 

1647 

Xanthenes ring stretching, 

 in plane N-H bending  

1571 

Xanthenes  ring  stretching,  

 C-N stretching,  C-H bending,  

N-H bending  

1508 

Xanthenes ring stretching,  

in plane C-H bending  

1360 

In  plane  xanthenes  ring  

breathing 

 

N-H  bending, CH2 waggling  1309 

In  plane  xanthenes  ring  

deformation,  C-H bending,  

N-H bending  

1181 

Out of plane C-H bending  770 

 

 

 

Figure 4.27 SERS of 1x10
-5

 and 1x10
-6

 M CV on CLNPs compared with 1x10
-3

 M 

R6G on glass slide 
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Table4.2. Assignment of Raman bands of the SERS spectrum of CV [73] 

Raman band assignment Raman shift (cm
-1

) 

ring C-C stretching              1627 

ring C-C stretching 1592 

ring C-C stretching 1542 

+ ring deformation 1484 

ring C-C stretching 1450 

N-phenyl stretching 1379 

ring C-C stretching 1305 

ring C-H bend (II)                                    1186 

ring C-H bend (II)                                    1131 

ring skeletal vib. of radical 

orientation 

992 

ring skeletal vib. of radical 

orientation 

922 

ring C-  bend   ┴                                    819 

ring C-  bend   ┴                                      768 

ring C-  bend   ┴                                      738 

ring skeletal vib. of radi cal 

orientation   

633 

ring skeletal vib. of radi cal 

orientation   

572 

ring skeletal vib. of radi cal 

orientation   

538 

Ph-C+-Ph bend   ┴                           432 

Ph-C+-Ph bend( II)                         348 

Breathing of central bonds             232 

     and   ┴   means in-plane and out-of-plane, respectively 

 

 



CHAPTER V 

CONCLUSIONS 

Complex gold micro/nanostructures including coral-liked, needle-liked, Zen 

stone-liked gold nanostructures, and coral-liked gold micro/nanoporous film was 

synthesized by galvanic replacement reaction between a sacrificed silver metal and 

gold (III) ion (Au
3+

) without stabilizer, capping agent. The complex structures could 

be controlled by tuning environmental conditions (i.e., gold (III) ion condition, 

immersion time, chloride ion concentration, pH, and ultrasonic radiation). The coral-

liked gold nanostructures with plate thinness size of 40-60 nm prefer grew on the gold 

film at 5,000 ppm of Au
3+

 solution, pH = 0, without excess Cl
-
. But Needle-liked gold 

nanostructures with tips diameter of 20-50 nm grew with 2 M NaCl. In the case of 

Zen stone-liked gold microstructures size was controlled by pH of Au
3+

 solution. At 

pH 7, Zen stone-liked gold microstructures was developed on silver surface and 

absent the structures while increased pH of Au
3+

 solution to 14. The structural 

evolutions of coral-liked gold nanostructures were observed by scanning electron 

microscope (SEM) with energy dispersive X-ray spectroscope (EDS). The epitaxial 

growth of gold film on the surface of silver was interfered by the precipitated AgCl 

that case to Au/AgCl composites. Excess Cl
-
 was added into Au

3+
 solution that 

reacted with AgCl transforming to soluble     
 

-
. The soluble species play an 

important role on the evolution needle-liked gold nanostructures. The micro channels 

of AgCl layer was observed on coral-liked and needle-liked gold nanostructures that 

assisted to mass, Au
3+

, Cl
-
, and Ag

+
, transform of the reaction. The ultrasonic also 

induced an auto-detachment of the galvanic generated film along the Au/AgCl 

interface. The complex gold nanostructures with nanoporous morphology were 

realized once the co-developed AgCl was removed. Coral-liked gold 

micro/nanoporous express high SERS detection up to 10
-6

 M rhodamine 6G (R6G) 

and crystal violet (CV).  

All in all, the objectives of this research are fully fulfilled. 
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