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In this work, we report a simple and efficient method for the preparation of 

large gold nanosheets using H2O2 as the green reducing agent and starch as a stabilizer 

and shape-controlling agent. H2O2 provides a weak reducing capability that allows a 

kinetically controlled growth of nanosheets out of small flower-like nanostructures 

formed at the initial stage of particle growth. Small nanosheets with starch-bound {111} 

facet undergo oriented attachment and become large nanosheets with lateral size as 

large as 50 µm with the thickness of 20–50 nm. Without starch, gold quasi-

microspheres with diameters of 5–10 µm are obtained as the dominant product as they 

grow out of the flower-like nanostructures by filling gold atoms in the gaps between 

nano-petals. This starch-enable selective formation of large nanosheets is rapidly and 

efficiently as a 100% conversion can be attained. Interestingly, micrometer-sized 

flower-like gold nanostructures with nanometer-thick petal assembly are obtained at the 

extremely high concentration of H2O2. The oriented attachment of the small gold 

nanosheets creates the basal sheets of the flower structures. Then, the growth of the 

starch-bound {111} facet nano-petals take place on the surface of the basal sheets 

causing the formation of flower-like gold nanostructures. We explore the applications 

of gold nanosheets as a pigment for decoration and a solid substrate for surface 

enhanced Raman spectroscopy.  A single particle of the flower-like gold nanostructure 

can be employed as a substrate for surface enhanced Raman spectroscopy. 
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CHAPTER I 

INTRODUCTION 

1.1 Gold Nanoparticles 

Nanoparticle is a submicroscopic particle with one of its dimension size less than 

100 nm. The nanoparticles exhibit novel properties that are different from the bulk 

counterpart, i.e., the increase of surface area, the decrease of the melting point, the new 

optical property, as well as the increase of chemical activities. The properties of the 

nanoparticles strongly depend on their size and shape [1]. Numerous synthesis methods 

have been developed and metal nanoparticles with various shapes and elemental 

compositions have been created (Table 1.1). Gold nanoparticles are the famous metal 

nanoparticles that have been in the interest of scientists for several years. It has been 

widely employed in numerous applications such as colorimetric sensor [2], surface-

enhanced Raman spectroscopy (SERS) [3-8], tip-enhanced Raman spectroscopy 

(TERS) [9, 10], chemical catalyst [11], as well as biological sensor [12].  

Numerous fabrication techniques have been developed to obtain the gold 

nanoparticles with particular size and shape; e.g., photo irradiation [3, 13-15], thermal 

synthesis [16-18], chemical reduction [4, 19, 20], laser ablation [21], galvanic reaction 

[22], and nanolithography [23]. Although there are many synthesis protocols as 

mentioned above, the chemical reduction method is broadly employed for the 

preparation of gold nanoparticles. The chemical reduction method does not require 

complicated instruments and the experimental procedure is straightforward. Moreover, 

the chemical reduction method is a potential synthesis technique that is suitable for the 
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pilot-scale manufacturing. Various shape of gold nanoparticles, e.g., rod, sphere, bar, 

plate or sheet, cube, and wire, can be selectively fabricated by the chemical method.  In 

principle, the chemical reduction approach for the synthesis of gold nanoparticles 

involves the chemical reduction of gold ions by appropriate reducing agents under the 

presence of stabilizer or shape-controlling agent, resulting in the directional growth of 

zero-valance gold nanoparticles. However, in order to accomplish the well shape-

controlled synthesis of gold nanoparticles, the reaction still need to be performed at low 

concentration of the reactant with the presence of an expensive stabilizer. 

In this work, we develop the synthesis methods for the fabrication of gold 

nanosheets and flower-like gold nanostructures based on wet chemical reduction with 

industrial-scale production capability. The environmentally friendly and inexpensive 

chemicals are used. The progressive morphological development of the nanoparticles 

is investigated. Moreover, we further explore the potential application of gold 

nanosheets and flower-like gold nanostructures as SRES substrates. The gold 

nanosheets are also exploited as a gold pigment for traditional drawing. 
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Table 1.1 A variety of shapes obtained from various metal nanocrystals [24]. 

 

 

 

 

 



 

 

4 

1.2 Objectives 

1.2.1 To develop a simple and efficient chemical reduction method for the 

fabrication of gold nanosheets and flower-like gold nanostructures 

utilizing nontoxic and environmentally friendly chemicals with industrial-

scale production capability. 

1.2.2 To study the growth mechanism of gold nanosheets and flower-like gold 

nanostructures in order to control the morphology of the fabricated gold 

nanostructures. 

 

1.3 Scope of the Dissertation 

1.3.1 Study and develop methods for production of gold nanosheets and flower-

like gold nanostructures based on simple wet chemical approaches. The 

concentrations of the reactant, including HAuCl4, starch, H2O2, are 

optimized in order to achieve the synthesis conditions for gold nanosheets 

and flower-like gold nanostructures. The synthesis methods are optimized 

to attain the industrial-scale production capability. 

1.3.2 Study the growth mechanism of gold nanosheets and flower-like gold 

nanostructures through the time-dependent morphological evolution using 

scanning electron microscopy (SEM). 

1.3.3 Study the morphology, elemental composition, crystal structures and 

optical activity of gold nanosheets and flower-like gold nanostructures 

using optical microscopy, SEM, atomic force microscopy (AFM), energy-
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dispersive X-ray spectroscopy, X-ray diffraction (XRD) spectroscopy and 

ultraviolet-visible (UV-visible) spectroscopy.  

1.3.4 Explore the application of gold nanosheets and flower-like gold 

nanostructures as substrates for SERS and exploit the shiny-glittering 

effect of gold nanosheets as a pigment for decoration application.    

 

1.4 Expected Outcomes 

1.4.1 Achieve the simple and efficient methods for the production of gold 

nanosheets and flower-like gold nanostructures using nontoxic and 

environmentally friendly chemicals with industrial-scale production 

capability. 

1.4.2 Gain the insight understanding about the growth mechanism of gold 

nanosheets and flower-like gold nanostructures. 
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CHAPTER II 

RESEARCH BACKGROUND 

2.1 Fabrication of Nanoparticles via Physical and Chemical Method 

Since nanostructures exhibit unique shape- and size-dependent properties that are 

different from their counterparts, the structural-controlled synthesis of nanostructures 

has gained immense attentions for several years. The nanostructures have been applied 

to many promising applications as efficient catalysts, optical and electronic materials, 

medical and chemical sensors [1, 7, 24, 25]. These novel applications could be achieved 

and selectively tuned by manipulating morphology and composition of the 

nanostructures.  

Preparation of nanoparticles can be accomplished by principal approaches which 

are consisted of physical method and chemical method (Figure 2.1). Physical method 

involves the breakage of bulk material into the nanometer-sized particles by mechanical 

operations such as grinding [26], focused ion beam lithography (Figure 2.2) [27] and 

laser ablation (Figure 2.3) [21, 28, 29]. Addition of surfactant, capping agents or 

stabilizers is required in order to stabilize the generated nanoparticles. In contrast, the 

chemical pathway involves the growth of nanoparticles from metal atoms which are 

obtained from molecular or ionic precursors [30]. This method is simple and capable of 

producing small and uniform nanoparticles. Furthermore, advanced experimental 

apparatuses are not usually required. Therefore, the chemical methods are preferably 

employed for the nanoparticle preparation than the physical method.  
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Figure 2.1 Schematic illustration of the preparation of metal nanoparticles by physical 

method and chemical method [30]. 

 

Figure 2.2 Schematic illustration of a dual-beam FIB–SEM instrument. Expanded 

image shows the electron and ion beam sample interaction [31]. 
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Figure 2.3 Schematic illustration of the fabrication of silica-coated gold 

nanoparticles by pulsed laser ablation in liquids [28]. 

 

The most well-known chemical method for preparation metal nanoparticles is a 

chemical reduction. The chemical reduction approach involves electron transfer from 

reducing agents to metal ions, resulting in the formation of zero-valent metal atoms. 

The generated metal atoms consecutively undergo nucleation and growth into 

nanoparticles (Figure 2.4). The examples of reducing agent that are usually employed 

for the preparation of metal nanoparticles are trisodium citrate (Na3C6H5O7), sodium 

borohydride (NaBH4) and L-ascorbic acid. The chemical method, size and uniformity 

of the metal nanoparticles can be manipulated by controlling atom aggregation. 

Utilization of capping agents and stabilizers not only prevent the aggregation of 

nanoparticles but also regulate the growth direction of the nanocrystals [10, 32, 33].       

 

Figure 2.4 Schematic illustration of gold nanoparticle formation [34]. 
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2.2 Theories of Nucleation and Growth 

The formation of the nanoparticles can be explained by the nucleation and 

growth. In this section, three different theories for the nucleation and growth will be 

described. 

 

2.2.1 LaMer Mechanism 

In solution-phase synthesis of metal nanoparticles, metal ions receive electrons 

from a reducing agent. Zero-valence metal atoms which are the building blocks of a 

metal nanocrystal are formed. However, the evolution of nuclei and nanocrystals from 

the precursors is still under unclear [24]. In the early 50’s, LaMer and co-workers 

studied the synthesis of sulfur sols from the decomposition of sodium thiosulfate. They 

proposed the process of nucleation and growth which could be divided into three steps. 

First, monomer numbers in the solution rapidly increase. Second, the monomers are 

subjected to nucleation burst, resulting in the significant decrease of the free monomer 

numbers in the solution. After this point, the nucleation is almost terminated because 

of limited concentration of monomers. Third, the growth of the nuclei takes place by 

the addition of free monomers under the diffusion through the solution [34].  

In term of metal nanocrystals, the numbers of metal atoms in the solution 

immediately increase after the chemical reduction. When the concentration of metal 

atoms in the solution reaches the supersaturation point, the aggregation of atoms (self-

nucleation) occurs to produce nuclei (small clusters of metal atoms). After the 

formation and growth of nuclei, the concentration of metal atoms in the solution 

decrease. When the concentration of atoms is lower than the supersaturation point, there 

is no occurrence of nucleation. The generated nuclei grow to larger nanocrystal with 
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the supply of metal atoms until reaching the equilibrium state between atoms on the 

surfaces of nanocrystal and atoms in the solution (Figure 2.5) [24]. 

 

Figure 2.5 Schematic illustration of LaMer mechanism indicating the atomic 

concentration against time. The generation of atoms, nucleation, and 

subsequent growth are demonstrated [24]. 
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2.2.2 Ostwald Ripening and Digestive Ripening 

In 1900, Ostwald ripening was first introduced as a growth mechanism which 

caused by the change of nanoparticle solubility. In addition, the solubility of 

nanoparticles is depended on their size which is described by the Gibbs−Thomson 

relation (Eq. 2.1).  
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Where Cr is the solubility of the particle, Cb is the concentration of the bulk 

solution, γ is surface energy, ν is the molar volume of the bulk crystal, r is the particle 

radius, kB is the Boltzmann’s constant and T is the temperature. 

The high solubility and the high surface energy of small particles lead to the 

dissolution into the solution which allows the growth of the larger particles [34]. On 

the other hand, digestive ripening (inverse of Ostwald ripening) occurs when the 

smaller particles are produced from the sacrifice of the larger ones [35]. This also 

explains in term of surface energy of particles in the solution. 

 

2.2.3 Coalescence and Oriented Attachment 

The fusion of the nanoparticles during the growth can be described by two 

mechanisms which are coalescence and oriented attachment (OA). The discriminating 

factor of the two mechanism is the preferential orientation of the crystal lattice at the 

grain boundary. In case of coalescence, the attachment occurs without particular 

preferential orientation. However, the OA occurs with a common crystallographic 
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alignment, resulting in the continuous crystallographic planes [34, 36, 37]. Figure 2.6 

shows the attachment of nanoparticles via (A) coalescence and (B) orientated 

attachment. Based on the high resolution images, lattice planes between domains 

obtained from coalescence were randomly orientated, while the perfect alignment of 

lattice planes was obtained from orientated attachment.  

 

Figure 2.6 (A) formation of the platinum nanowire by coalescence of platinum 

crystallites (B) The formation of one large crystallite by OA of four titania 

crystallites [37].  

 

2.3 Gold Nanocrystals  

Gold nanocrystals are one of the most remarkable nanomaterials that were 

employed in various applications as SERS substrates [3, 38, 39], TERS substrates [9, 

10], catalyst [40, 41], colorimetric sensor [2, 42], image contrast agents [43] and cancer 

therapy [44]. The wide range utilization of gold nanocrystals is reinforced by the ability 

to selectively engineered their nanostructures as rods [45, 46], wires [47], belts [48], 

plates [10, 18, 49-51], polyhedral [52, 53], cages [54], stars [55, 56], and flowers [4, 

57].  
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2.3.1 Gold Nanosheets and Their Applications 

Gold nanoplates and nanosheets are promising functional nanostructures as its 

morphology with desired degree of anisotropy can be selectively produced by various 

synthetic methods such as wet chemical, electrochemical, sonochemical, and 

photochemical techniques. The related optical and physicochemical properties are 

directly correlated with the morphology. The nanoplates and nanosheets have been 

employed as organic vapor sensors [58], NIR-absorbing films [59], two-photon-

induced photoluminescence (TPI-PL) [60], basic building block for nanocomponents 

[27], and surface plasmon resonators [61]. Wet chemical techniques are usually utilized 

for the production of plate-shaped nanostructures, e.g., seed-mediated [50, 51, 62] and 

one-pot procedures [10, 18, 49, 63], as they are rapid and high-yield methods with the 

possibility of industrial-scale production (Figure 2.7 and 2.8).  

Although, the one-pot synthesis protocol is simpler than the seed-meditated 

approach, morphological controllability by the latter is better as the nucleation and 

growth are separated with the minimization of the polydispersity of size and shape [1, 

64, 65]. However, most developed synthetic techniques for the fabrication of 

engineered nanostructures especially those with extreme degree of anisotropy involve 

the usage of organic solvents, strong reducing agents, polymeric stabilizers, surface 

capping agents, and surfactants. It is a grand challenge for scientists to develop a simple, 

green, and efficient synthetic method for selective fabrication of nanostructures with 

desirable properties which are capable of commercialization and practical for real-life 

applications.  
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Figure 2.7 Schematic illustration of the gold atom addition to plate-like seeds in a 

seed-mediated method. If there is a constant number of free gold atoms in 

the reaction solution, the number of plate-like seeds dictates the size of 

the gold nanoplates [50]. 

 

 

Figure 2.8 Schematic illustration of the synthesis of gold nanoplates using a one-step 

seedless method [63]. 

 

2.3.2 Flower-Like Gold Nanostructures and Their Applications 

Among of extensive nanostructures of gold, the flower shape shows the 

distinctive nanostructures consisting of nanogrooves, sharp edges and tips which not 

only exhibit a high surface area but also possess many nanojunctions. The flower-like 

gold nanostructures were employed as SERS substrates [4, 66, 67] and electrochemical 
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catalysts [68]. Moreover, according to the toxicological investigation, the flower-like 

gold nanostructures exhibited the acceptable cytotoxicity toward cells [69]. It also 

employed as nanocarriers of DNA for cellular uptake, drug or gene delivery and 

contrast agents [70]. Facile chemical techniques have been developed for the 

fabrication of flower-like gold nanostructures, particularly electrochemical [67, 71] and 

wet chemical procedures [4, 66, 69, 70, 72]. Although, the electrochemical methods 

showed the advantage as it provided the well-ordered flower-like gold nanostructures 

on the substrates (Figure 2.9), it needed specialized expertise and instruments to create 

the pattern on the substrates  [67]. 

 

Figure 2.9 (A) Fabrication of the flower-like gold nanostructure array: a conventional 

lithography and etching technique were combined with an 

electrodeposition technique. (B) SEM image of the flower-like Au 

nanostructure array. (C) Close-up SEM image of leaf-like Au nanoflake. 

(D) Transmission electron microscope (TEM) image of the single Au 

nanostructure [67]. 

A

B

C D
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Unlike the electrochemical methods, the wet chemical procedures offer the 

effortless way to fabricate the flower-like gold nanostructures with industrial-scale 

production capability. The size and shape of the nanostructure can be regulated by 

altering of the synthesis condition (Figure 2.10). In this method, additives play the 

important role for the formation of the anisotropic nanostructures since they can 

function as capping agents, shape-directing agents and stabilizers. The specific 

adsorption on the crystal facets allows the modulation of the surface energy resulting 

in the modification of growth rate on those facets. This enables the morphological-

controlled synthesis of the anisotropic nanostructures. Several additives were used for 

the fabrication of flower-like gold nanostructures such as 2-[4-(2-hydroxyethly)-1-

piperazinyl]ethanesulfonic acid (HEPES) [57], dopamine [66], poly(vinyl pyrrolidone) 

(PVP), and sodium dodecyl sulfate (SDS) [72], gum Arabic [69] and bis-

(amidoethylcarbamoylethyl) octadecylamine (C18N3) [4]. Although, the chemical 

methods provide the simple way with good morphological controlling, employing of 

nontoxic chemicals should be considered.  Besides, it is a big challenge for scientists to 

develop a simple, environmentally friendly, inexpensive, and effective method for the 

fabrication of complex nanostructures. 
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Figure 2.10 SEM images of Au nanostructures indicating the effect of the stabilizer 

concentration on the morphology of the flowers. The flower obtained from 

different concentrations of C18N3: (A) 0.1, (B) 0.3, (C) 0.4, (D) 0.5, and 

(E) 0.6 mM. The concentration of HAuCl4 and ascorbic acid are 1.6 mM 

and 20 mM (0.2 mL), respectively [4]. 
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CHAPTER III 

EXPERIMENTAL SECTION 

3.1 Chemicals  

Hydrogen peroxide (H2O2, 30% w/w), soluble starch, nitric acid (HNO3, 65% 

w/w), hydrochloric acid (HCl, 37% w/w), and sodium borohydride (NaBH4) were 

purchased from Merck (Thailand). All chemicals were analytical grades and were used 

as received without additional purification. Gold beads (≥ 99.99% purity, 1–2 mm 

diameter) were acquired from a local precious metal retailer (Gold Field Refinery Co. 

Ltd.). Before performing the experiment, all glassware and magnetic bars were cleaned 

with liquid detergent before submerging in aqua regia for 30 minutes, followed by 

consecutive rinsing with tap and deionized water. Caution: aqua regia (an extreme 

corrosive mixture between HCl and HNO3 with a volume ratio of 3:1) must be handled 

with great care. 

 

3.2 Preparation of Tetrachloroauric (III) Acid  

A stock solution of tetrachloroauric (III) acid (HAuCl4, 1 M) was prepared by 

dissolving the gold beads in aqua regia (60 mL) under mild stirring and heating (80–

100 °C). After the complete dissolution of gold beads, the solution was further 

evaporated until the residual volume was 10 mL. The gold solution was cooled down 

to room temperature. The final volume of the solution was adjusted to 100 mL. The 

prepared gold solution was used as the gold ion source for further experiments. 
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3.3 Preparation of Gold Nanosheets and Flower-Like Gold Nanostructures 

In this work, the preparations of gold nanosheets and flower-like gold 

nanostructures were accomplished by a simple wet chemical method as depicted in 

Figure 3.1. To prepare the extra-large gold nanosheets with flat surfaces, we performed 

the synthesis method as follows [32]. Briefly, in a 50 mL beaker, HAuCl4 (51 μL, 1 M), 

starch solution (10 mL, 2% w/v) and deionized water (9.936 mL) were mixed under a 

vigorous stir for 1 h before an addition of H2O2 (13 mL, 30% w/w). H2O2 was employed 

as the sole reducing agent. Starch was employed as the stabilizer. The acidic solution 

with pH 2–pH 3 was further stirred for another 30 minutes before left undisturbed at 

room temperature overnight. The change of the pale yellow solution to a colorless 

solution with golden glittering suspension indicated a formation of gold nanosheets. 

The gold nanosheets were purified by ultracentrifugation and cleaned several time with 

hot deionized water before storage as an aqueous suspension for further 

characterizations. In order to evaluate an efficiency of the conversion of gold ions to 

gold nanosheets, a post reduction of the supernatant by sodium borohydride (NaBH4) 

was performed. The colorlessness of the supernatant after addition of sodium 

borohydride indicated that the 100% conversion of gold ions to gold nanosheets was 

achieved. 

To prepare flower-like gold nanostructures, we performed the same wet chemical 

reduction with a little modification. In general, to a 105 mL beaker, starch solution (25 

mL, 2% w/v), HAuCl4 (1.25 mL, 0.5 M) and deionized water (33.3 mL) were mixed 

together under vigorous stirring for 1 h before an addition of H2O2 (16.7 mL, 30% w/w). 

The solution was further stirred for another 10 minutes before incubation at ambient 

condition for 2 h. The transformation of pale yellow solution to a clear solution with 
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dark-brown precipitates together with the formation of air bubbles indicated the 

formation of flower-like gold nanostructures. The flower-like gold nanostructures were 

separated from the mixture by ultracentrifugation and were cleaned by hot deionized 

water. The flower-like gold nanostructures were kept as a suspension in aqueous media 

for further characterizations. 

 

Figure 3.1 A diagram illustrates the synthesis of gold nanosheets and flower-like 

gold nanostructures. 

 

3.4 Characterization 

UV-visible absorption spectroscopy 

For UV-visible absorption measurement, a quartz cuvette was used as a sample 

container. Deionized water was used as a blank sample. UV-visible absorption spectra 

were measured by a portable fiber optics spectrometer (Ocean Optics USB4000) 

equipped with a deuterium/halogen lamp light source (DH-2000, Micropack).  

Scanning electron microscopy 

The morphology of the gold nanosheets and flower-like gold nanostructures were 

investigated by SEM technique. The nanoparticle samples were dropped on aluminum 

H2O2

IncubationIncubation

HAuCl4

Starch solution Starch-HAuCl4
mixture

1 h 8 h
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stubs and dried in a desiccator for 24 h before the measurement. The morphology of the 

nanoparticles was analyzed by a scanning electron microscope (JEOL JSM- 6510A, 

Analytical Scanning Electron Microscope) operated at 20 kV under a high vacuum 

mode. 

Atomic force microscopy 

To observe the surface topography of gold nanosheets and flower-like gold 

nanostructures using AFM technique, the samples were dropped and dried on cover 

slips for 1 h before performing AFM characterization. The topography measurements 

were performed on an atomic force microscope (AFM, SPA400). The micro cantilever 

type SI-DF20 were employed. The AFM measurements were operated in the dynamic 

force mode (DFM) with scanning frequency of 0.5-1 Hz.  

X-ray diffraction 

To obtain the crystallographic information of gold nanosheets and flower-like gold 

nanostructures, we conducted the XRD characterization. A sample was prepared by 

dropping the nanoparticles suspension onto an XRD sample holder.  The holder was 

dried in the vacuum chamber for 1 h before soaking in hot water in order to remove the 

starch residue. The holder was dried in the vacuum chamber again for 1 h before 

performing XRD measurement. XRD characterization was performed on an X-ray 

diffractometer (Rigaku D/MAX-2200) operated under Cu radiation (40 kV, 30 mA). 

The diffraction angle covered 20–90 degree with a step size of 0.02 degree. 

Raman spectroscopy  

The molecular information of samples, e.g., starch and Rhodamine 6G (R6G), were 

characterized by Raman spectroscopy. The samples were prepared by dropping of the 

nanoparticles suspension on aluminum foil-covered glass slide. The samples were dried 
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in the vacuum chamber for 1 h before measurement. Raman characterizations were 

performed on a Raman spectrometer (DXR Raman Microscope, Thermo Scientific). A 

532 nm laser was installed as a light source. The laser power was adjusted in the range 

of 1-10 mW. The laser aperture was 25 µm pinhole type. 
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CHAPTER IV 

RESULTS AND DISCUSSION 

4.1 Formation of Large H2O2-Reduced Gold Nanosheets via Starch-Induced 

Two-Dimensional Oriented Attachment [32] 

4.1.1 H2O2 as a Green Reducing Agent 

When HAuCl4 and H2O2 solutions were mixed together under vigorous stirring 

for 10 minutes, a  progress of the reaction could be noticed by an evolution of oxygen 

gas (due to the redox reaction and the catalytic decomposition of H2O2 on the surface 

of newly generated gold nanoparticles) and a pH drop with an increment of conductivity 

(due to a liberation of hydrochloric acid) [73, 74]. The bright yellow solution of HAuCl4 

was slowly faded and turned colorless within 26 minutes with a development of shiny 

gold precipitates. In accordance with the visual observation, the time dependent UV-

visible spectra revealed the decrease of the absorptions at 313 and 390 nm assigned to 

ligand-to-metal charge transfer of square-planar halide complexes (Cl→Au) and weak 

d–d transition, respectively [75]. The spectroscopic change indicates a spontaneous 

reduction of gold ions to gold metal (Figure 4.1). According to the electrochemical 

potential under an acidic condition, H2O2 could reduce gold ion to gold metal as the net 

redox potential of the following redox reaction is positive [76]. 

 

4.3) (Eq.     V 0.307ΔE      6H8Cl3O2AuO3H2AuCl

4.2) (Eq.     V 0.695E                                          2e2HOOH

4.1) (Eq.     V 1.002E                                         4ClAu3eAuCl
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Figure 4.1 (A) Selected digital photographs of the solution containing HAuCl4 (25.4 

mM) and H2O2 (1,600 mM). A significant fading of the yellow color of 

the gold complex as well as a partial precipitation of gold particles were 

observed within 10 minutes after mixing. At 26 minutes after mixing, gold 

ions were completely reduced while all gold particles were precipitated. 

(B, C) UV-visible spectra of the solution corroborate the visual 

observation as the absorption of gold complex continuously decreases and 

completely disappears within 20 minutes. H2O2 was partially consumed 

due to the excessive concentration employed. (D-F) The obtained gold 

particles were hexagonal microplates and quasi-microspheres. Due to an 

absence of a stabilizer, aggregation among microplates and microspheres 

induce rapid a precipitation [32]. 
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To realize the potential of H2O2 as an efficient reducing agent for anisotropic gold 

nanosheets synthesis, a concentration-dependent experiment was conducted under a 

stabilizer-free condition. The reduction of gold ions occurred at every employed 

concentration of H2O2 (Figure 4.2). However, the complete conversion was observed 

when the concentration of H2O2 was greater than 32 mM (Figure 4.2B–4.2F).   

 

Figure 4.2 SEM micrographs of gold particles obtained by reducing HAuCl4 (25.4 

mM) with H2O2 of various concentrations: (A) 3.2, (B) 32, (C) 320, (D) 

960, (E) 1,600, and (F) 3,200 mM. The reactions were conducted without 

a stabilizer [32]. 
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Interestingly, under a dilute H2O2 of 3.2 mM, Figure 4.2A, almost all of the gold 

nanostructures were hexagonal microsheets (lateral size of 5–20 μm with thickness of 

0.2–0.7 μm). There were some quasi-microspheres with diameter of 0.5–1.5 μm. When 

the concentration of H2O2 was increased to 32 and 320 mM, micrometer thick gold 

plates and quasi-microspheres with diameter of 5–10 μm were obtained with evidences 

of microsphere fusion onto the surfaces of gold plates (Figure 4.2B and 4.2C). The 

structural transition from microplates to quasi-microspheres indicates a rapid 

nucleation and growth of gold microstructures at high concentration of H2O2. Large 

microsheets with smooth surfaces (Figure 4.2A) disappeared when the concentration of 

H2O2 was further increased to 960, 1,600, and 3,200 mM (Figure 4.2D–4.2F). Most of 

the obtained gold microstructures were quasi-microspheres (diameter of 1–2 μm) with 

rough surfaces. Aggregations and fusions of microplates and quasi-microspheres 

resulted in a complete precipitation within 26 minutes (Figure 4.2D–4.2F and Figure 

4.1D–4.1F). 

The observed phenomena suggested that H2O2 is an efficient reducing agent for 

gold ions under an acidic condition. Unlike silver, gold is stable under the oxidative 

environment of H2O2. The H2O2-reduced gold micro/nanostructures survive the etching 

and continue growing into larger structures. Predominant thin microsheets produced at 

a very low concentration of H2O2 (Figure 4.2A) indicates a pivotal role of H2O2 on 

selectively preserving and promoting the growth of anisotropic microsheets. In the 

seed-meditated growth of silver nanoplates, the oxidative etching by H2O2 was 

exploited for selectively dissolving unstable seeds while preserving those with stacking 

faults. The survival seeds were then subjected to a facet controlled seed meditation 

growth imposed by surface binding ligands and stabilizers [77-79]. The observed 
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phenomena suggest that H2O2 plays the same role on the formation of anisotropic gold 

nanosheets as it does for silver nanoplates. However, in this case, H2O2 also functions 

as the reducing agent. A greater degree of supersaturation due to a greater rate of 

reduction at a higher H2O2 concentration results in the formation of quasi-microspheres 

with noticeable amount of pentagonal rods and decahedrons (Figure 4.2B–4.2D and 

Figure 4.3). 

 

Figure 4.3  SEM micrographs of gold microparticles obtained from the reaction of 

HAuCl4 (25.4 mM) and H2O2 concentration at 32 mM (A, D-F) and 320 

mM (B and C) without starch stabilizer. The red arrows in (A), (B) and 

(C) indicate icosahedron gold quasi-microspheres. The yellow circles in 

(C) and (D) indicate pentagonal rods. (E and F) icosahedron quasi-

microspheres generated during the growth process [32]. 
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4.1.2 Gold Nanosheets with Starch Stabilization 

Starch is a polysaccharide with multiple hydroxyl groups enabling a strong 

binding onto the gold surface [80]. It can also form a complex with gold ions and slow 

down the rate of reduction [10]. An experimental design imposing a slow reduction and 

growth of gold nanosheets was accomplished by employing low concentrations of H2O2 

(6.4 mM) and HAuCl4 (2.54 mM) under starch stabilization. In the system without 

starch (Figure 4.4A) thick microplates (average lateral size of 14 μm, thickness of 1–

1.5 μm) and quasi-microspheres with rough surfaces (average particle size of 6 μm) 

were obtained. When starch of any concentration was employed, nanosheets became 

the major product (Figure 4.4B–4.4F). At a low concentration of starch (0.1% w/v), 

however, an insufficient stabilization results in thick nanosheets (average lateral size of 

8 μm, thickness of 70– 230 nm) with a significant amount of small quasi-microspheres 

(particles size of 1 μm) (Figure 4.4B). Aggregations of the microspheres and a non-

uniform growth on the basal planes of the nanosheets were observed. When starch of 

greater concentrations (0.5%–2% w/v) were employed, large nanosheets with lateral 

size up to 20 μm with a thickness of 20 nm were obtained. Most of the nanosheets were 

hexagonal and truncated triangular with different degree of truncation. The triangular 

nanosheets were rarely observed. A drastic structural change from microplates and 

quasi-microspheres to nanosheets suggested that starch influences the formation and 

growth of the nanosheets and prevents the formation of quasi-microspheres. It can be 

attributed that starch also preferentially binds onto (111) facet of gold nanosheets, as 

the thickness of nanosheets was decreased when the concentration of starch was 

increased (Figure 4.5). Surprisingly, based on a statistical evaluation of 300 nanosheets, 
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the average size of nanosheets did not significantly change as the concentration of 

starch was increased. Albeit, the size distribution become broader (Figure 4.4G). 

 

Figure 4.4  SEM micrographs of nanosheets reveal the influence of the starch 

concentration: (A) 0%, (B) 0.1%, (C) 0.5%, (D) 1%, (E) 1.5%, and (F) 

2% w/v. The concentration of HAuCl4 and H2O2 are 2.54 mM and 6.4 

mM, respectively [32]. 
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Figure 4.5  SEM micrographs of gold quasi-microspheres, microplates and 

nanosheets. The thickness of the nanosheets decreases as the 

concentrations of starch stabilizer was increased. Gold nanosheets were 

obtained from the reaction of 2.54 mM HAuCl4, 6.4 mM H2O2 and starch: 

(A, B) 0%, (C, D) 0.1%, (E, F) 1% and (G, H) 2% w/v [32]. 
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An OA seems to be the main growth mechanism for the rapid formation of the 

large nanosheets (Figure 4.4E and 4.2F). The distinct jagged edges together with 

frequent overlapping edges indicate an assembly of smaller nanosheets. The OA is an 

important crystal growth mechanism involving spontaneous self-organization of 

adjacent particles before merging together by the facets of the same crystallographic 

orientation [81-83]. The report on OA as the mechanism for the formation of 

micrometer-sized gold nanosheets in this work is one of the exploitations of two-

dimensional OA for anisotropic gold nanosheet fabrication [84, 85].  It should be noted 

that the extra-large nanosheets with an average size of 20 μm could be synthesized 

within 10 h. For instance, in the system with a concentration of starch greater than 0.5% 

w/v, a 100% conversion of gold ions into gold nanostructures containing greater than 

99% nanosheets was achieved (Figure 4.4E and 4.4F). 

To gain an insight understanding on the formation of the large nanosheets via the 

OA mechanism, a detailed investigation was conducted. In Figure 4.6, the jagged edges 

generated at the boundary of the attached nanosheets (i.e., due to an imperfect sharp tip 

and/or size mismatched) are indicated by arrows. An imperfect attachment which 

results in overlap or curl surfaces are indicated by circles. This imperfect attachment 

serves as an origin for edges and screw dislocation [86]. Crystals with flat surfaces, 

smooth edges, and sharp tips were finally obtained after a prolonged reaction (Figure 

4.7). The smooth edges of nanosheets were the results of recrystallization, migration of 

surface atoms, and a filling of adatoms at the notches between imperfect attached edges 

[81-83, 87]. 
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Figure 4.6  SEM micrographs reveal evidences of OA on the formation of small 

nanosheets (2–5 μm) and large nanosheets (30–40 μm). The small 

nanosheets are the assemble of smaller nanosheets/nanoplates. The jagged 

edges are indicated by arrows while overlapping edges are indicated by 

circles. The nanosheets were synthesized with 1% starch solution and 2.54 

mM HAuCl4. The concentrations of H2O2 were (A) 32, (B) 6.4, and (C, 

D) 3.2 mM [32]. 
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Figure 4.7  SEM micrographs show rough edges of growing gold nanosheets. During 

the growth process (6 h reaction time, A-D), the edges of the gold 

nanosheets can be etched by O2/Cl- [88]. The recrystallization process 

smooths the rough edges after a prolonged reaction time of 10 h (E, F). 

Gold nanosheets were obtained from the reaction of 2.54 mM HAuCl4, 

6.4 mM H2O2 and 1% w/v starch [32]. 
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Figure 4.8A–4.8F are AFM images of nanosheets after cleaning by boiling in hot 

water several times in order to remove the bound starch molecules on the basal plane. 

Each treatment took approximately 1 h. There was no starch fragment after the cleaning 

as the surface roughness of 0.6 nm of glass slide (Figure 4.8D and 4.8J) were in good 

agreement with those previously reported [89, 90]. The AFM images corroborate the 

passivation capability of starch as most of the starch molecules adhere onto the flat 

basal planes. The starch domains are ~100 nm in diameter and ~14 nm in height. When 

the nanosheets were cleaned with an alkaline peroxide solution (a solution of 30% H2O2 

at pH 13 adjusted by 3 M NaOH), the residual starch could be noticed as chain-like 

domains (~100 nm in diameter, ~6 nm in height) (Figure 4.8H–4.8L). The residual 

starch (<50% of the original) left after a strong oxidative etching indicates a very strong 

adhesion of starch on the basal planes. AFM line maps in Figure 4.8F and 4.8L reveals 

the thicknesses of the nanosheets as 25 and 51 nm, respectively. The selective formation 

of plate structures and OA on the formation of large nanosheets indicates a pivotal role 

of starch as an effective surface passivating agent capable of selectively controlling the 

formation of anisotropic nanostructures. This observation is in good agreement with 

previous reports where a strong surface binding is required to shift the growth 

mechanism from Ostwald ripening (OR) to OA [81, 82].  Since gold nanostructures are 

relatively stable in the H2O2 environment, etching or dissolution of nanosheets in the 

reaction medium or H2O2 is limited. 
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Figure 4.8  AFM images of gold nanosheets (A–F) before and (G–L) after a cleaning 

with an alkaline peroxide solution. Figure 4.8A, 4.8C, 4.8G, and 4.8H are 

topographic images. Figure 4.8B and 4.8H are 3D-images of selected 

areas. Figure 4.8D–4.8F and 4.8J–4.8L are line maps. The nanosheets 

were prepared by reducing HAuCl4 (2.54 mM) with H2O2 (3.2 mM) under 

1% starch stabilization [32]. 
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4.1.3 Influence of the Concentration of HAuCl4 

An experimental investigation with different concentration of HAuCl4 was 

conducted in order to verify the extent of nanosheets formation. At low concentration 

of HAuCl4 (0.51 mM, Figure 4.9A) small nanosheets (1–2 μm) were created. The basal 

planes of the thin nanosheets are relatively smooth. Jagged edges and overlapping edges 

indicating an imperfect OA could be observed. As the concentration of HAuCl4 was 

increased to 2.54 mM, the small nanosheets oriented attach into large nanosheets with 

an average size of 8 μm (Figure 4.9B). When the concentration of HAuCl4 was further 

increased to 5.1, 12.7, and 25.4 mM, large nanosheets with average sizes of 23, 39, and 

35 μm, were produced, respectively (Figure 4.9C‒D). The OA seems to be the sole 

pathway for the formation of large nanosheets. However, at a high concentration of 

HAuCl4, large nanosheets with uneven basal planes were obtained (Figure 4.9C–4.9E). 

The non-uniform thickness of nanosheets was originated from an uneven layer-by-layer 

epitaxial growth on the basal planes. Interestingly, the expansion of the epitaxial layer 

stopped at the edges of the basal planes (Figure 4.10). This growth behavior retained 

the plate structures as the thickness increased. The development of gold nanosheets 

(micrometer-sized plates with nanometer thickness) to gold microsheets (micrometer-

sized plates with micrometer thickness) is realized at the high concentration of HAuCl4. 

Under the employed conditions, an increment of the lateral size ceased when the 

concentration of HAuCl4 was greater than 12.7 mM (Figure 4.9F). At a higher 

concentration, the gold structures grew in thickness rather than the lateral size. This 

phenomenon indicates an insufficient protection of the basal plane by starch molecules 

at a high concentration of HAuCl4 as a large number of nanosheets was generated.  
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Figure 4.9  SEM micrographs of gold nanosheets obtained with different 

concentration of HAuCl4: (A) 0.51, (B) 2.54, (C) 5.1, (D) 12.7, and (E) 

25.4 mM. The average size was calculated from 300 nanosheets from 

dissimilar SEM micrographs (F). The concentrations of H2O2 and starch 

were 3.2 mM and 1% w/v, respectively [32]. 
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Starch is a good stabilizer as an aggregation of starch-stabilized gold structures 

(microparticles, nanoplates, nanosheets, and microsheets) was not observed. However, 

long chain starch molecules are easily hydrolyzed to short fragments under an acidic 

condition [91-93]. The hydrolyzed starch may lose their surface passivation capability, 

which results in an epitaxial growth on the basal planes. The reducing sugars produce 

by acid hydrolysis of starch also possess weak reducing capability. 

 

Figure 4.10 SEM micrographs show layer-by-layer epitaxial growth of gold film on 

the basal planes of gold nanosheets. The growth always ceases at the edge 

of the basal planes. Gold nanosheets were obtained from the reaction of 

(A) 12.7 mM and (B) 25.4 mM HAuCl4, 3.2 mM H2O2 and 1% w/v starch 

[32]. 
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4.1.4 Influence of the Concentration of H2O2 

As the products with dominated plate structures were generated at low 

concentration of H2O2 (Figure 4.2), a detailed investigation of the H2O2 concentration 

(3.2–32 mM) was performed (Figure 4.11). Large nanosheets with an average size of 9 

μm were obtained at a H2O2 concentration of 3.2 mM (Figure 4.11A). When the 

concentration was increased, an average size of nanosheets decreased to 2.5 μm (Figure 

4.11G). Although the exact thickness of the nanosheets could not be obtained by SEM 

measurement due to a difficulty on vertical orientation of nanoplates, the obtained 

nanosheets were extremely thin as indicated by their relatively transparency. It should 

be noted that a significant number of spherical microparticles (0.5–1 μm) were also 

obtained at the high concentration of H2O2 (Figure 4.11E and 4.11F). This may be due 

to a rapid nucleation and growth of a large number of seeds at those concentrations. A 

large number of seed particles also lead to a small particle size as the limited metal ion 

supply was rapidly consumed [24, 94]. 
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Figure 4.11 SEM micrographs of gold nanosheets synthesized under starch 

stabilization (1% w/v) with various concentration of H2O2 at (A) 3.2, (B) 

6.4, (C) 9.6, (D) 19.2, (E) 25.6, and (F) 32 mM. The average size was 

calculated from 300 nanosheets from dissimilar SEM micrographs (G). 

The concentration of HAuCl4 was 2.54 mM [32]. 
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4.1.5 Growth Mechanism of Gold Nanosheets 

Starch is an efficient stabilizer capable of promoting formation and growth of 

nanosheets by preferentially binding onto the basal planes. The surface protection 

assists the oriented attachment among appropriate facet-arranged nanoplates that leads 

to a rapid formation of extra-large nanosheets with a lateral size as large as 50 μm 

(Figure 4.9D and 4.9E). However, the passivation of starch is not strong enough as there 

was an epitaxial growth of gold layer on the basal plane, especially at high 

concentration of HAuCl4 and/or low concentration of starch. Moreover, the starch chain 

is fragmented by hydrolysis under acidic conditions which renders lower stabilization 

capability at high concentration of HAuCl4 (Figure 4.4B, and 4.9C–4.9E).  

To gain an insight understanding on the growth mechanism of the nanosheets and 

quasi-microspheres, time-dependent structural evolutions were performed. Without 

starch, flower-like gold nanostructures containing several thin nano-petals formed at 

the early stage as shown in Figure 4.12A. The gap between petals was gradually filled 

as the particles grew into quasi-microspheres with rough surface (Figure 4.12B and 

4.12C). However, for some particular nanostructures, a petal grew faster than the others 

and a thick gold microplate was generated, (Figure 4.12C and 4.12D). The reaction 

completed within 120 minutes while microparticles and microplates were obtained. 

When a greater concentration of H2O2 was employed, an even faster reaction occurred 

and quasi-microspheres were the sole product as shown in Figure 4.13.  
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Figure 4.12 Time-dependent SEM micrographs reveal the development of quasi-

microspheres from flower-like nanostructures in a system without starch 

stabilizer: (A) 15, (B) 45, (C) 75, and (C) 120 minutes. The HAuCl4 

solution (2.54 mM) was reduced by H2O2 (32 mM) [32]. 
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Figure 4.13 Time-dependent SEM micrographs show the development of quasi-

spherical gold microparticles. The quasi-spherical gold microparticles 

were obtained from the reaction of HAuCl4 (2.54 mM) and H2O2 (320 

mM) without the starch stabilizer. The SEM micrographs were recorded 

at (A) 3, (B) 4, (C) 5, (D) 6, (E) 7, (F) 8, (G) 9 and (H) 10 minutes’ reaction 

time [32]. 
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When starch was employed, surprisingly, the same flower-like gold 

nanostructures also developed at the early stage (Figure 4.14A). However, the rate of 

reaction was slower than that in the system without starch. The flower-like 

nanostructures developed into nanoplates as a particular petal outgrew the others 

(Figure 4.14B). An evidence of the original flower-like structures could be noticed at 

the edge of some nanosheets (Figure 4.14C). The absence of this signature in some 

nanosheets is due to the outgrowth at the very early stage of the structural development. 

The flower-like nanostructures grew into hexagonal and truncated triangular 

nanosheets (Figure 4.14C and 4.14D). There are some small microspheres (~500 nm in 

diameter) observed in the system. However, when the rate of reaction was deliberately 

lowered by decreasing the concentration of H2O2 to 6.4 mM, nanosheets are the major 

product with a trace amount of small microspheres (Figure 4.15). 
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Figure 4.14  Time-dependent SEM micrographs reveal the development of nanosheets 

from flower-like nanostructures in a system with starch stabilizer: (A) 1, 

(B) 3, (C) 5, and (C) 8 h. The HAuCl4 solution (2.54 mM) was reduced 

by H2O2 (32 mM) under starch stabilization (1% w/v) [32]. 

A B

C D

1µm 5µm

5µm 5µm



 

 

46 

 

Figure 4.15 Time-dependent SEM micrographs show the development of gold 

nanosheets. The nanosheets were obtained from the reaction of HAuCl4 

(2.54 mM), H2O2 (6.4 mM), and starch (1% w/v). The SEM micrographs 

were recorded at (A) 1, (B) 2, (C) 3, (D) 4, (E) 5, (F) 6, (G) 7 and (H) 8 h 

reaction time [32]. 
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Figure 4.16A shows a typical TEM image of large nanosheets. The stripes across 

the basal plane are originated by the bending of the thin nanosheet as it lies flat on the 

TEM grid. The selected area electron diffraction (SAED) pattern (Figure 4.16B) was 

obtained by coupling the electron beam perpendicular to the nanosheet. The hexagonal 

diffraction spots indicate that the nanosheet is a single crystal and the incident electron 

beam is perpendicular to {111} facet. In addition to the allowed {220} diffractions, the 

SAED pattern is dominated by the forbidden (1/3){422} diffractions normally observed 

in nanoplates and nanosheets with atomically flat surface of gold and silver [19, 95, 

96].  

 

Figure 4.16 (A) A TEM image of a large nanosheet and (B) the corresponding SAED 

pattern. (C) XRD pattern of the nanosheets [32]. 
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SAED pattern at different part of the large nanosheets were also collected (Figure 

4.17). A re-alignment at each measured spot was performed in order to ensure a 

perpendicular incident of the electron beam. The exact same diffraction patterns 

confirm that the nanosheets are single crystals bound by {111} facets. The five sharp 

peaks of the XRD pattern in Figure 4.16C are assigned to {111}, {200}, {220}, {311}, 

and {222} planes of the face-centered cubic (fcc) crystal of gold. The {111} facets are 

the dominating facets as the nanosheets show an extremely low value of the relative 

diffraction intensities of (200)/(111) and (220)/(111) compared to those from the 

JCPDS 04-0784 standard file, i.e., 0.051 vs. 0.53 and 0.037 vs. 0.33, respectively. Due 

to the relatively high aspect ratio of the nanosheets, their {111} planes are preferentially 

oriented parallel to the surface of the supporting substrate [19, 95, 96]. 
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Figure 4.17 (A) TEM image of a nanosheet. The big nanosheets fill up the TEM frame 

even at a low resolution. (B-D) The corresponding SAED pattern of a 

nanosheets. The positions for the SAED measurements are indicated in 

the TEM image. The same SAED patterns with hexagonal diffraction 

spots confirm that the nanosheet is a single crystal bound by {111} facets 

[32]. 
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Based on the observed phenomena, we proposed the growth mechanism of the 

nanosheets and the quasi-microspheres under the H2O2 reduction as follows. Gold ions 

are reduced by H2O2 and rapidly grown into flower-like nanostructures with nanometer 

thin petals (Figure 4.12A and 4.14A). The gaps between petals become active grooves 

for a deposition of adatoms [97]. Without starch, the flower-like nanoparticles 

symmetrically grow into quasi-microspheres by filling gold atoms in the gaps (Scheme 

4.1). The rough surfaces are later generated by H2O2-assisted catalytic growth. 

However, microspheres with smoother surfaces are obtained under a lower 

concentration of H2O2 (Figure 4.2). When H2O2 of low concentration is employed, the 

rate of reduction is substantially decreased while a particular petal outgrows the others 

and further develops into a microsheet under a kinetically controlled condition (Figure 

4.2 and 4.12). Without starch stabilization, gold microsheets are the dominant structure 

under a low concentration of H2O2 while the quasi-microspheres are dominated at a 

higher concentration.  

In the system with starch stabilization (Scheme 4.2) the surfaces of the flower-

like nanostructures are covered while the gap-filling growth mechanism is prevented. 

The starch stabilization, on the other hand, promotes the lateral growth of petals. The 

starch-stabilized nanoplates and nanosheets later grow into larger nanosheets via an OA 

mechanism pathway. 
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Scheme 4.1  Proposed growth mechanism of the gold quasi-microspheres in the system 

without starch stabilizer [32]. 

 

Scheme 4.2 Proposed growth mechanism of the gold nanosheets in the system with 

starch stabilizer [32]. 

 

To explore the potential of our developed green chemical method, a large-scale 

production of gold nanosheets was performed by a 5 L batch synthesis. The 2.5 g of 

gold nanosheets with glittering reflection was successfully produced within 10 h. The 

hexagonal shape nanosheets (lateral size up to 20 μm and thickness of 20–50 nm) are 

well separated as indicated by the digital photographs, optical micrographs, and SEM 

micrographs (Figure 4.18). An evidence of OA could be noticed. After the separation 

of the nanosheets, the post reduction of the supernatant was performed. A development 

of red gold nanospheres after the sodium borohydride reduction was not observed since 

O2 + 2H+H2O2

AuCl4
-

AuCl4
-AuCl4

-

O2 + 2H+H2O2

AuCl4
-

AuCl4
-

AuCl4
-

AuCl4
-

AuCl4
-
AuCl4

-

O2 + 2H+H2O2

AuCl4
-

AuCl4
-AuCl4

-

O2 + 2H+H2O2

AuCl4
-

AuCl4
-AuCl4

-

AuCl4
-

AuCl4
-

AuCl4
-

AuCl4
-

AuCl4
-
AuCl4

-

O2 + 2H+H2O2

Starch

OA Recrystall ization



 

 

52 

all gold ions were converted to gold nanosheets. Moreover, a 100% selective formation 

of gold nanosheets was achieved. The acidic supernatant (~pH 2) was neutralized 

before discharging.  

Some potential applications of the gold nanosheets were explored. Although the 

nanosheets themselves do not have surface-enhanced Raman scattering capability, it 

can facilitate the SERS phenomenon. The piranha-solution-cleaned nanosheets are free 

of starch and function as an excellent support for metal nanoparticles. The gold-

nanoparticles-decorated nanosheets greatly enhance the scattering intensity as the gaps 

between nanoparticles and the flat surface of nanosheets become excellent hot spots for 

SERS measurement (Figure 4.19A). The nanosheets with shiny reflection can be 

employed as authentication marks in security printing. The gold nanosheets were trailed 

as a pigment for security printing by mixing with ink. The shiny feature of the gold 

nanosheet can be easily observed underneath a red ink when viewing under a 

microscope (Figure 4.19E and 4.19F). A potential application of nanosheet as a pigment 

for security printing with SERS-assisted molecular tag is being investigated. The gold 

nanosheets were also exploited as an alternative gold pigment for traditional drawing. 

Figure 4.19G shows a traditional Thai drawing of a character in the Ramayana Epics 

made of gold ink (i.e., a mixture of gold nanosheets and a binder) on a silk fabric (100 

cm × 80 cm). The soft and flexible nanosheets adhere very well along the curve surface 

of silk threads. We plan to use gold-nanosheets ink for traditional art and cultural 

conservations. 
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Figure 4.18 A 5 L batch synthesis of gold nanosheets by reducing a 2.54 mM HAuCl4 

with 6.4 mM H2O2 under a 1% starch stabilization. A complete conversion 

of gold ions into nanosheets was achieved within 10 h. (A) A digital 

photograph depicts the glittering reflection of the gold nanosheets. (B) A 

close-up digital photograph (100X magnification) reveals the dispersed 

gold nanosheets. (C, D) Optical micrographs of the gold nanosheets under 

bright field and dark field illuminations, respectively. (E–G) SEM 

micrographs of the hexagonal and triangular gold nanosheets mass-scale 

produced by the developed method [32]. 
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Figure 4.19 Some applications of gold nanosheets as substrate in SERS applications, 

markers in security printing and gold pigment. (A) SERS spectra of R6G 

on different gold substrates. (B) Gold nanosheets after cleaning with 

piranha solution. Gold-nanoparticles-decorated nanosheets: (C) a SEM 

micrograph and (D) an optical microscope image under a dark-field 

illumination. (E, F) Gold nanosheet impregnated in colorless and red inks, 

respectively, used for banknote printing. (G) A traditional Thai drawing 

made of gold-nanosheets ink on a red silk fabric [32]. 
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4.2 Structural Evolution of Starch-stabilized Gold Nanosheets to Flower-Like 

Gold Nanostructures Induced by H2O2 

4.2.1 Formation of Flower-Like Gold Nanostructures 

Our previous section demonstrated the synthesis of gold nanosheets using H2O2 

as a reducing agent and starch as a stabilizer. The combinations between mild reducing 

capability of H2O2 and stabilizing power of starch enable the synthesis of anisotropic 

nanostructures. Adjustment of H2O2 and starch concentration was performed in order 

to tune the reduction kinetic and degree of stabilization, respectively. The reduction of 

2.54 mM HAuCl4 by 6.4 mM H2O2 in 1% w/v starch solution was employed for 

synthesis gold nanosheets (average size of ~8 μm with the thickness of 20–50 nm), (Fig 

4.20A). In addition, low concentration of H2O2 enables slow reduction rate facilitating 

the formation of gold nanosheets. When the rate of reduction is relatively slow, the 

nucleation and growth are subjected to kinetic controls that provide the formation of 

plate-like seeds that will further grow to the plate-like nanostructures [98, 99]. The 

growth of plate-like seeds to nanosheets is also promoted by starch due to its 

preferential binding ability on {111} facet of gold nanosheets [10, 32].  

By performing of an experiment at harsh condition (the reduction of 25.4 mM 

HAuCl4 by 3.2 M H2O2 in the system without starch), the quasi-microspheres were 

obtained as major product with some exciting of polyhedral gold microstructures 

(Figure 4.20B and Figure 4.21). The size of gold microparticles is 1.2 µm. The partial 

fusion of stabilized-free gold microparticles could be observed. This can be due to a 

superior degree of super saturation as a greater number of gold atoms are rapidly 

generated. Note that, small number gold microsheets were observed  

(Figure 4.21).  
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Figure 4.20 Diagram illustrated the preparation of gold nanosheets (A) and gold 

microparticles (B). Gold nanosheets were obtained from the reaction 

between 2.54 mM HAuCl4 and 6.4 mM H2O2 in 1% w/v starch solution. 

Gold microparticles were prepared by a reduction of 25.4 mM HAuCl4 

with 3.2 M H2O2. 
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As we interested in the synthesis of nanostructure by manipulation of reduction 

kinetic and degree of stabilization, it is interesting to perform the reduction of gold ions 

with drastically different concentration of H2O2 under stabilization condition. The 

preliminary experiment was performed by the reduction of 2.54 mM HAuCl4 with H2O2 

in 1% w/v starch solution. The concentration of H2O2 was extremely varied. Figure 4.22 

shows the SEM images of the gold nanostructures achieved from the reaction. At very 

low concentration of H2O2 (3.2 mM), the gold nanosheets were generated as a major 

product with the size as large as 15 µm (Figure 4.22A and Figure 4.23). Raising of H2O2 

concentration from 3.2 to 32 mM caused the decrease of the particle size of gold 

nanosheets from 9.2 μm to 2.2 µm (Figure 4.23) with a few occurrences of small quasi-

spherical shape gold microparticles (Figure 4.22A and 4.22B). The decrease of the size 

of nanosheets can be attributed to the limitation of metal precursor as it was rapidly 

consumed at the early state of the growth of nanosheets.  

 

Figure 4.21 Close-up SEM images of H2O2-reduced gold microparticles. Gold 

microparticles were prepared by mixing of 25.4 mM HAuCl4 and 3.2 M 

H2O2. 
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Interestingly, when the concentration of H2O2 was extremely increased to 320, 

970 and 1,600 mM, flower-like gold nanostructures with the size as large as 15 μm 

were obtained (Figure 4.22C–E). The morphology of flower-like gold nanostructures is 

a stacking arrangement of smooth-surfaced petals which are gold nanosheets with 

nanometer-scale thickness. The presence of rough surfaced petals was observed when 

the concentration of H2O2 was increased to 3,200 mM. The observed phenomena 

suggested that using of the reducing capability of H2O2 and stabilizing power of starch 

can be served as a promising synthesis procedure of anisotropic nanostructures. 

Reduction of gold ions with the extremely high concentration of H2O2 under starch 

stabilization could facilitate the formation of the flower-like gold nanostructures. The 

detailed investigation for the synthesis parameters on the formation and the growth of 

the flower-like gold nanostructures were further investigated. 
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Figure 4.22 SEM images of gold nanosheets and flower-like gold nanostructures 

obtained from the reduction of gold ions (2.54 mM) with different H2O2 

concentrations at (A) 3.2 (B) 32 (C) 320 (D) 970 (E) 1,600 (F) 3,200 mM 

in starch solution (1% w/v). 
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Figure 4.23  The relationship between the average size of gold nanostructures and the 

concentration of H2O2. Gold nanostructures were obtained from the 

reduction of 2.54 mM HAuCl4 at different H2O2 concentrations in 1% w/v 

starch solution. The average size of the particles was calculated from 100 

particles. The insets indicate the morphology of gold particles obtained 

from each reaction. 
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4.2.2 The Effect of Gold Ions Concentration 

An experimental investigation with different concentration of HAuCl4 was 

performed with an excessive H2O2 concentration of 3.2 M and 1% w/v starch solution. 

At low concentrations of HAuCl4 (2.54 mM, Figure 4.24A) small flower-like gold 

nanostructures with the size of ~7 μm were created. The rough surfaces of the basal 

planes of the petals can be observed and can be the reason of the H2O2-assisted catalytic 

growth due to the low molar ratio of [HAuCl4]/[H2O2]. When the concentration of 

HAuCl4 was increased to 12.7 and 25.4 mM (Figure 4.24B and 4.24C), the flower-like 

gold nanostructures with smooth petals were obtained with average size of 19.2 and 

17.4 μm, respectively. The thicknesses of the petals were in the range of 50–140 nm 

(Figure 4.25). However, when the concentration of HAuCl4 was further increased to 

25.4 mM, large micro/nanosheets with average sizes of 14.4 μm were produced with 

noticeable amount of flattened flowers. An uneven layer-by-layer epitaxial growth on 

the basal planes of micro/nanosheets was observed. These phenomena suggest an 

insufficient protection of the basal plane by starch molecules at a high concentration of 

HAuCl4 which due to the generation of a large number of micro/nanosheets. 

Nevertheless, increase of acidity of the system at high concentration of HAuCl4 lead to 

the acid hydrolysis of long chain starch molecules. This weakens the stabilization power 

of starch [32, 91-93].   
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Figure 4.24 SEM images of gold micro/nanostructures indicating the influence of 

HAuCl4 concentration. The concentrations of HAuCl4 were (A) 2.54 mM, 

(B) 12.7 mM, (C) 25.4 mM and (D) 50.8 mM while the concentration of 

starch solution and H2O2 are 1% w/v and 3.2 M, respectively. The insets 

in (A) shows the surface morphology of the petals. 

 

Figure 4.25 Close-up SEM images of flower-like gold nanostructures indicating the 

stacking of the petal-like structures. The flowers were prepared from the 

reduction of HAuCl4 (12.7 mM) with H2O2 (3.2 M) in starch solution (1% 

w/v). 
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4.2.3 The Effect of Starch Concentration 

As showed in the previous section, the observed phenomena suggested that the 

sufficient surface stabilization is an important for the creation of the flower-like gold 

nanostructure. To study the effect of surface stabilization, the preparation of the flower-

like gold nanostructures at various starch concentrations were performed. The 

concentration of HAuCl4 and H2O2 were 12.7 mM and 3.2 M, respectively. In the 

system without starch (Figure 4.26A, quasi-microspheres with rough surfaces (average 

particle size of 5 μm) were obtained. When the concentration of starch increased to 

0.1% w/v, an insufficient stabilization caused the formation of thick-irregular-shaped 

gold micro/nanosheets (average lateral size of 8.9 μm, thickness of 90‒220 nm) with a 

significant amount of small quasi-microspheres (particles size of 1 μm), (Figure 4.26). 

Aggregations of the microspheres and a non-uniform growth on the basal planes of the 

nanosheets were observed. The formation of irregular gold nanosheets (average lateral 

size of 10.8 μm) with noticeable amount of flower-like gold nanostructures (lateral size 

of ~17μm) was obtained when the stabilization in the system increase (starch 

concentration of 0.5% w/v), (Figure 4.26C). When greater starch concentrations (1%–

2% w/v) were employed, flower-like gold nanostructures with lateral size up to 25 μm 

were obtained. A structural change from quasi-microspheres and irregular shaped gold 

micro/nanosheets to flower-like gold nanostructures as the concentration of starch was 

increased indicates that starch is essential for the formation and growth of the flower-

like gold nanostructures. Moreover, starch also prevents the formation of quasi-

microspheres in the system. 
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Figure 4.26 SEM images of gold micro/nanostructures obtained from the reaction 

between HAuCl4 (12.7 mM) and H2O2 (3.2 mM) under starch 

stabilization. The concentrations of starch were varied at (A) 0, (B) 0.1, 

(C) 0.5, (D) 1, (E) 1.5, and (F) 2 % w/v. 
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In case of nanosheets, a non-uniform thickness could be found when the surface 

passivation ability of starch is insufficient [32]. We observed the same phenomena on 

the surfaces of the basal planes of petal-like structures of the flowers. Figure 4.27 shows 

the SEM images of the petal structures indicating an uneven layer-by-layer epitaxial 

growth on the basal planes of the petals. The epitaxial growth seems to be an origin of 

the growth of the new petals on the former one. Under the assistance of starch 

stabilization, the epitaxial growth layers further grow to the larger petal-like structures 

of the flower (Figure 4.27B and 4.27D).   

 

Figure 4.27 SEM images of flower-like gold nanostructures representing the 

morphology of the surfaces of petals. The arrows in (B) indicated the 

defects on the surface of petal-like structures which is the growing side of 

the new petals. The arrow in (D) indicates the new petal outgrowing from 

the old petal surface. The flower-like gold nanostructures were prepared 

from the reduction of HAuCl4 (25.4 mM) by H2O2 (3.2 M) in starch 

solution (1% w/v). 
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Starch plays an important role in the formation of anisotropic nanostructures. It 

serves as an efficient surface passivating agent capable of selectively controlling the 

formation of gold nanosheet or nanoplates [10, 32]. Nevertheless, starch is also an 

essential ingredient for the formation of the flower-like gold nanostructures (Figure 

4.26). Therefore, we expected that starch could also have a strong binding ability on the 

surface of the flowers. An experiment demonstrating the surface passivation efficiency 

of starch on surfaces of flower-like gold nanostructures was conducted. The flower 

particles were separately washed with deionized water, hot deionized water and 

alkaline-peroxide solution (a solution of 30% H2O2 at pH 13 adjusted by 3 M NaOH). 

Raman spectroscopy was performed to monitor the starch residual on the surfaces of 

the flower for each cleaning procedures. Figure 4.28 shows the Raman spectra collected 

from the surface of flower-like nanostructures. The results reveal the Raman spectra of 

starch molecules on the flowers after cleaning with deionized water and hot deionized 

water. The disappearance of the starch spectrum could be obtained after the cleaning of 

the flowers with the alkaline peroxide solution. The complete removal of starch 

molecules from the surfaces of the flowers after a strong oxidative etching suggests a 

very good adhesion of starch on the flowers. 
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Figure 4.28  Raman spectra of (A) starch film on aluminum foil. The starch molecules 

on the surfaces of flower-like gold nanostructures were monitored after 

(B) washing with deionized water, (C) washing with hot deionized water, 

and (D) washing with alkaline-peroxide solution. 
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Figure 4.29 shows the XRD patterns of gold microparticles, flower-like gold 

nanostructures and gold nanosheets. There are five peaks representing the characteristic 

XRD pattern of the face-centered cubic (fcc) crystal of gold which are assigned to 

{111}, {200}, {220}, {311}, and {222} planes. In case of nanosheets, very low values 

of the diffraction ratio of (200)/(111) and (220)/(111) compared to those from the 

JCPDS 04-0784 standard file (i.e., 0.051 vs. 0.53 and 0.037 vs. 0.33, respectively) could 

be observed (Figure 4.29C and Figure 4.30). This suggest that the {111} planes are 

preferentially oriented parallel to the surface of the supporting substrate [19, 32, 95, 

96]. The diffraction ratio of (200)/(111) and (220)/(111) were increased for flower-like 

gold nanostructures (i.e., 0.170 and. 0.181) and quasi-microsphere gold microparticles 

(i.e., 0.387 and 0.236). Compared to those from nanosheets, the increase of the 

diffraction ratio observed in the flowers and quasi-microsphere might be attributed to 

the exposure of other crystallographic facets on the complex nanostructures. The lower 

diffraction ratio of (200)/(111) and (220)/(111) of flower-like gold nanostructures 

compared to those from quasi-microsphere could be assigned to the fact that the flower 

structures are mainly consisted of the nanosheets which is mostly covered with {111} 

planes. 
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Figure 4.29 The XRD patterns of gold microparticles (A), flower-like gold 

nanostructures (B), and gold nanosheets (C). 

 

Figure 4.30 The standard XRD pattern of gold (JCPDS 04-0748). 
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4.2.4 Growth Mechanism of Flower-Like Gold Nanostructures  

In order to gain more insight understanding on the growth mechanism of the 

flower-like gold nanostructures, time-dependent structural evolutions were performed. 

We collected gold particles every 2 minutes from the reaction medium after mixing of 

the reactant. Figure 4.31 shows the selected SEM images indicating the structural 

evolutions of flower-like gold nanostructure. The results reveal that the formation of 

the basal plate of the flower structures are generated by an attachment of small gold 

nanosheets via OA growth mechanism as we could clearly observe the jagged edges 

(Figure 4.31A). The growth the plate edges caused the expansion of the basal plate 

(Figure 4.31B and 4.31C). The formation of petal-like nanosheets was obtained from 

an uneven epitaxial growth on the basal planes (Figure 4.31D–4.31H). The gap between 

petal-like nanosheets was gradually filled as the flower grew into flower-like gold 

nanostructures with rough fillers between petals (Figure4.31E–4.31H). The reaction 

completed within 30 minutes while the flower-like gold nanostructures were obtained.  
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Figure 4.31 Time-dependent SEM images show the development of flower-like gold 

nanostructure at (A) 2, (B) 8, (C) 10, (D) 12, (E) 16, (F) 18, (G) 22, and 

(H) 24 minutes. The flower-like gold nanostructures were obtained from 

the reaction between 25.4 mM HAuCl4 and 3.2 M H2O2 in 1% w/v starch 

solution. The arrow in (A) indicated jagged edges. The circles in (D) show 

the defects on the surfaces of the basal sheets which is the growing sides 

of petal-like structures. 
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Based on the observed evidence, we proposed the growth mechanism of flower-

like gold nanostructures as shown in Scheme 4.3. In the system with starch stabilization, 

gold ions are rapidly reduced by H2O2 and grown into small nanosheets. The starch-

stabilized nanosheets further grow into larger nanosheets via OA growth mechanism, 

resulting in the formation of the basal plates of the flowers. The epitaxial growth on the 

basal planes further grows to the starch-stabilized petal structures together with the 

creation of rough surfaces between petals due to the H2O2-assisted catalytic growth. 

The starch stabilization promotes lateral growth of petals, resulting in the formation of 

larger flowers.  

 

Scheme 4.3 Proposed growth mechanism of flower-like gold nanostructures. 
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4.2.5 SERS Activity on Flower-Like Gold Nanostructures 

There has been reported that dendrite structures are the promising substrates for 

SERS as it provided SERS hot spot by its sharp corner, edges, or nanoscale junctions 

[100, 101]. Thus, we explored the SERS activity of the flower-like gold nanostructures 

because the morphology of the flower-like gold nanostructures is also rough surfaces 

that might be SERS-active substrates. The flat aluminum foils were used as a controlled 

substrate to avoid the distress of Raman signal. A 10 µM R6G was used as Raman probe 

and was drop-coated on cleaned flower-like gold nanostructures for SERS 

measurement.  

Figure 4.32 show the SERS spectra of R6G on flower-like gold nanostructures 

compared with a Raman spectrum of R6G on a flat aluminum substrate. The results 

reveal the disappearance of the Raman signal of R6G on the controlled substrates. In 

contrast, well-defined vibrational fingerprints of R6G comprising of C-C-C in-plane 

bending (615 cm-1), C-H out-of-plane bending (775 cm-1), C-H in-plane bending (1126 

and 1185 cm-1), C-O-C stretching (1314 cm-1), and C-C stretching of aromatic ring 

(1363, 1512, 1575, and 1651 cm-1) were clearly observed from the SERS spectra of 

R6G deposited on flow-like gold nanostructures [102].  

We further investigate the limit of detection of R6G deposited on the flower-like 

gold nanostructures. SERS experiments were carefully explored at different 

concentration of R6G. The SERS signal at 615 cm-1 was majorly attended as it delivers 

a strong-clear-sharp peak. As shown in Figure 4.32, the decrease the R6G concentration 

leads to the decrease of the Raman intensity. The Raman shift at 615 cm-1 was observed 

even the concentration of R6G is as low as 100 nM. The SERS spectra of R6G 

disappeared at the concentration lower than 100 nM. The enhancement of the Raman 
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signal of R6G deposited on the flower-like gold nanostructures might be attributed to 

the occurrence of the SERS hot spots creating from the overlapping of the petal-like 

structures between the two flowers or its sharp corner, edges, or nanoscale junctions 

between the petal-like structures. This suggest that the prepared flower-like gold 

nanostructure can be used as efficient SERS substrates for trace chemical analysis. 

 

Figure 4.32 SERS spectra R6G deposited on the flower-like gold nanostructures. The 

concentrations of R6G were varied at (A) 10 µM, (B) 1 µM, (C) 100 nM, 

(D) 10 nM and (E) 1 nM. (F) The Raman spectrum of 10 µM R6G on flat 

aluminum foil. 
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CHAPTER V 

CONCLUSION 

We have developed simple and efficient synthetic methods for the fabrication of 

large gold nanosheets and flower-like gold nanostructures using H2O2 as the green 

reducing agent and starch as the stabilizer and shape-controlling agent. The synthesis 

protocols can be employed for industrial-scale production with competitive price and 

can be accomplished at room temperature without a need for complicated scientific 

instruments. 

For fabrication of gold nanosheets, starch plays an important role on the 

formation and growth of the nanosheets. Starch does not only preferentially bind onto 

the (111) facets of the nanosheets but also prevent the formation of the quasi-

microspheres by prohibiting the filling of adatoms at the gaps between petals of the 

flower-like nanostructures formed at the early stage. Nanoplates and nanosheets 

developed from the flower-like nanostructures as a particular petal outgrows the others. 

The starch-bound nanosheets and nanoplates are later assembling into larger nanosheets 

via OA. The lateral size of the gold nanosheets could be tuned up to 50 µm with the 

thickness of 20–50 nm by adjusting the concentration of HAuCl4, H2O2 and starch 

stabilizer. Due to the kinetic control of the nucleation step, a particular molar ratio of 

[H2O2]/[HAuCl4] with difference concentration of H2O2 and HAuCl4 is not valid. 

Without starch, the flower-like nanostructures develop into the quasi-microspheres with 

rough surfaces. Due to the atomically flat surfaces, gold nanosheets can be employed 

as a solid substrate for SERS as well as an alternative gold pigment.  
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Employing the same synthesis protocol with a little modification, flower-like gold 

nanostructures with the size as large as 25 µm are obtained from the extremely high 

H2O2 concentration. Starch is an essential ingredient for the formation of flower-like 

gold nanostructures as it functions as a surface passivating agent and promotes the 

growth of petal-like structures. Insufficient stabilization (i.e., low concentration of 

starch or high concentration of HAuCl4) lead to the destruction of petal-like structures 

together with the formation of quasi-microspheres. Flower-like gold nanostructure are 

developed from the gold nanosheets. At the early growing state, small gold nanosheets 

assemble into larger basal plates of flower-like gold nanostructures via OA. The 

epitaxial growth on the basal plates under starch stabilization results the formation of 

petal-like structures. As flower-like gold nanostructures consist of sharp corners, edges 

and nanoscale junctions between the petal-like structures, it can be employed as a 

substrate for SERS application. 
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RESEARCH ACHIEVEMENTS 

We have successfully developed the simple and efficient methods for the 

fabrication of gold nanosheets and flower-liked gold nanostructures under 

consideration of using non-harmful and environmentally friendly chemicals with 

industrial-scale production capability. Our works were achieved many awards from the 

nation, scientific societies and international organizations. Moreover, our works also 

were accepted in peer-review journals. The list of research achievements is showed 

below. 
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International Conference 2010, title: Nanostructure assembly of golden apple 
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Conference of the Microscopy Society of Thailand, title: Investigation of the 
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