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CHAPTER I 

 

INTRODUCTION 

 

1.1 Silver Nanoprisms  

 

 Silver nanoprisms (also designated as silver nanodisks, silver nanoplates, or flat 

silver nanocrystals; abbreviated as AgNPrs) have attracted considerable attention due 

to their extreme degrees of anisotropy, morphologically dependent plasmonic 

properties, and tailored optical properties from visible to near infrared regions [1–8]. 

Tremendous local electric field enhancements around AgNPrs when illuminated with 

appropriate wavelength of electromagnetic wave enable them to be employed as 

surface-enhanced Raman scattering (SERS) substrates for chemical sensing 

applications with the enhancement factor up to 10
5
–10

8
 [9–15]. The high sensitivity 

toward the variation in local dielectric environment and capability of surface 

functionalization of AgNPrs permit their use in biological sensing utilizing localized 

surface plasmon resonance (LSPR) spectroscopy [16–19]. Theoretical simulations 

based on discrete dipole approximation (DDA) method [20–23] and boundary element 

method (BEM) [2] provide fundamental understanding on the plasmon oscillation 

modes of LSPR phenomena and elucidate the influence of shape (e.g. circular disks 

vs. triangular prisms), aspect ratio (lateral length/thickness), tip sharpness (or degree 

of truncation), dielectric environment, and elemental composition on plasmonic 

properties of AgNPrs. The monumental scientific discovery galvanizing many 

researchers worldwide on morphological-controlled colloidal chemical synthesis of 

anisotropic plasmonic structures is attributed the work by Mirkin et al [24]. Various 

techniques for AgNPrs synthesis including photoinduced conversion [3, 24–29], seed 

mediation [5, 8, 30–35],
 
post modification of preformed AgNPrs [4, 36–39], chiral 

ligand assisted self-assembling [14], reflux-assisted reduction in dimethylformamide 

(DMF) [40–41], soft-template method [42–43], thermal process [44–46], polyol 

method [47–48], and chelation-mediated kinetic controlled synthesis [49], are now 

well-documented. Solution-based chemical synthesis is flexible, versatile, and robust 
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for controlling the shape of metallic nanostructures due to facile experimental setup, 

notably high yield, and feasibility for mass scale production [1, 50]. Controlling the 

morphology and plasmonic properties of AgNPrs by colloidal chemical synthesis is 

straightforward provided that the chemical role of each reagent and experimental 

conditions are comprehensively analyzed. 

 

 Recently, a rapid thermochemical synthesis of AgNPrs with high yield at ambient 

condition employing hydrogen peroxide (H2O2) as an oxidative etchant have been 

reported [8, 14, 34, 51–54]. The idea on employing H2O2 for AgNPrs synthesis might 

be traced back to the work of Métraux in 2005 [51]. The shape transformation 

reaction was accomplished by direct chemical reduction of silver ion (Ag
+
) with 

sodium borohydride (NaBH4) in the presence of H2O2, along with citrate as the 

capping agent and/or PVP as the polymeric stabilizer. H2O2 was utilized as the 

powerful oxidative etching agent that singled out the seeds with highest stability. The 

molar concentration of H2O2 should be 200 times higher than that of Ag
+
 in order to 

constrain the growth in the oxidative environment. Since H2O2 and NaBH4 were 

simultaneously presented in the growth solution, the molar concentration of NaBH4 

should be at least 5 times higher than that of Ag
+
 in order to ensure the complete 

reduction of Ag
+
 while NaBH4 was consumed overtime. Etching capability of H2O2 

was also utilized in seed-mediation approach in the seed preparation step for 

promoting the formation of planar twinned seeds [8, 34, 54]. Despite the much lower 

H2O2:Ag
+
 molar ratio (less than 30) were employed in the procedure, the purification 

of preformed seeds and a subsequent growth in a solution containing a mild reducing 

agent, additional Ag
+
, and a capping agent were required in order to initiate the 

nanoprism growth. For both direct chemical reduction and seed mediation approaches, 

citrate was proven to be an essential part of the synthesis. It strongly coordinated with 

{111} facet of AgNPrs and facilitated expansion of that facet [55]. Facet specific 

coordinating capabilities of citrate were also employed for AgNPrs synthesis in many 

reports [3–5, 8, 24–29, 30–39, 42–43, 45, 49, 51–54]. The total removal of capping 

ligand in AgNPrs synthesis at room temperature has not been reported, although 

AgNPrs could be successfully synthesized at elevated temperatures without 

employing capping molecules [40–41, 44, 46]. 
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1.2 Investigation of Morphological Evolution of Metal Nanoparticles 

  

 In order to investigate the particle evolution, scanning electron microscopy 

(SEM), transmission electron microscopy (TEM), and X-ray diffraction (XRD) 

techniques are widely employed. However, the fast kinetics and complex particle 

evolution as well as time-consuming measurements according to sample preparation 

protocol, the precise and accurate determination of the structural evolution could not 

be perfectly performed by these imaging techniques under a conventional 

measurement. Moreover, the morphologies obtained by these methods represent only 

a partial fraction of particles in the systems. The partial observation may cause the 

prejudice or misleading of the investigated phenomena due to the bias sample 

selection. Due to the strong correlation between plasmonic extinction spectra and 

particle morphologies (especially, in the case of gold and silver nanoparticles) [1–2, 

20, 23–24, 91–94], spectroscopic data are more useful to overview the majority of 

particle structures in the system. One spectral line represents collective information of 

LSPR from all particles in the colloidal sample. Spectroscopic data can also reveal an 

in situ structural change in samples while SEM or TEM measurements require the 

sample preparation and show only the ex situ information. Sample preparation may 

cause the structural transformation and the real structure may be misconstrued. 

However, the obtained spectra might be overlapped and complicated according to the 

mixing of nanoparticles with several sizes and shapes. The problems can be overcome 

by utilizing different chemometric methods. Chemometrics, generally known as 

multivariate statistical analysis, is a powerful technique to analyze complex datasets. 

These methods provide an alternative way to solve such problems by seeking the 

number of components and transforming the spectra into profiles which are simple to 

interpret such as principal components, concentration profiles, and pure spectra 

profiles [95–96]. 

 

 Chemometric methods such as Multivariate Curve Resolution-Alternating Least-

Squares method (MCR-ALS) [97] can describe reaction process without any prior 

information using the underlying chemical model and variation to which they are 

correlated. The concentration profiles of each major component involved in the 
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reaction and the corresponding pure spectrum can be revealed by using MCR-ALS 

employed to the obtained spectroscopic data. The obtained concentration profiles can 

be used to design a suitable reaction, including intermediate species to support the 

model chosen for a reaction under investigation. The characteristic of major 

components can be expressed by the obtained pure spectra. This approach has been 

used in various applications such as biological systems, process monitoring, kinetic 

investigation etc. [97–99]. There was a few reports on the application of chemometric 

in nanoscience, e.g. to reveal the growth mechanism of quantum dots (CdSe 

nanocrystals) [100], to analyse the interaction between nitrogen and nano-titanium 

dioxide using TEM images [101]. However, there is no report applying chemometrics 

(MCR-ALS) on the structural evolution of Ag nanostructures.  

  

1.3 Scope of the Research 

  

 In the present study, we further explore the potential of H2O2 in the shape 

transformation reaction. The transformation is carried out by injection of H2O2 into 

the preformed starch-stabilized silver nanosphere (AgNSs) colloid under an alkaline 

condition (pH 8–10). In contrast to the conventional seed mediated approach, 

separation and purification of the preformed seed solution, and subsequent 

combination with the growth solution are not required in the proposed procedures. 

The noticeable feature of our procedures is that the powerful shape selective/facet 

selective etching of H2O2 in combination with its mild reducing capability in alkaline 

condition are coordinately utilized for anisotropic nanostructure fabrications. The 

shape transformation process can be initiated and advanced by H2O2 without the aid 

of additional reducing agents or capping molecules for facilitating AgNPrs formation. 

Although the etching role of H2O2 [8, 14, 34, 51–54, 56] and its reducing competency 

[57–61] for isotropic metal nanostructure fabrication were previously investigated, 

those functions were harnessed individually. The exploitation both reducing and 

oxidizing capabilities for anisotropic shape-controlling of noble metal nanostructures 

have never been reported. Low molar ratio R of H2O2:AgNSs (R < 100) is 

deliberately utilized in order to enhance the coordination of facet selective etching and 

mild reducing capabilities of H2O2 in the construction of AgNPrs while partially 
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suppress the non-selective solubilization of metallic Ag by H2O2. AgNSs play two 

important roles as the planar twinned seed supplier and internal Ag
+
 source. The 

oxidatively modified AgNSs seeds with planar twinned defects act as the new 

nucleation sites for the heterogeneous overgrowth. The monomeric Ag atoms are 

regenerated from the H2O2 reduction of oxidatively solubilized Ag
+
. We may 

therefore regard the proposed method as the in situ seed-mediated approach. AgNPrs 

are formed right after the addition of H2O2 as can be observed via color change of the 

colloid. Naked surface of small starch-stabilized AgNSs with high surface area 

permits H2O2 to fully and effectively interact with silver surface. The formation of 

AgNPrs at high yield could be realized. The highly concentrated AgNPrs (up to 11 

mM) with desired in-plane dipole plasmon resonance (IPDPR) wavelengths from 

visible to near infrared (NIR) spectrum (i.e., 450–850 nm) can be selectively prepared 

through the optimized experimental parameters. The ability to exclude capping agents 

from the surface of AgNPrs opens the possibilities for tailoring the surface properties 

of AgNPrs by subsequent surface modification and functionalization, and makes them 

suitable for the desired applications. Stabilization of AgNPrs with natural polymer 

i.e., soluble starch makes AgNPrs suitable for finding opportunities in biological and 

biomedical applications. The capability to selectively control the LSPR properties of 

AgNPrs provides unlimited options for selecting appropriate AgNPrs to be employed 

as colorful antibacterial agents, far-field colorimetric sensors, and near-field surface-

enhanced Raman scattering (SERS) substrates. 

 

 The growth mechanisms of the chemical shape transformation of AgNSs to 

AgNPrs were also investigated in details via LSPR spectroscopy and transmission 

electron microscopy. We also proposed an alternative approach to use MCR-ALS 

method in processing the overlapping spectroscopic signals in metal nanosynthesis 

systems. UV-visible extinction spectra of all intermediate structures in the shape 

evolution process from AgNSs to AgNPrs induced by H2O2 were analyzed in order to 

obtain the mechanism of particle evolution. The morphologies of all determined 

structures were confirmed by TEM technique, and the shape conversion mechanism 

based on the calculated results was proposed. The advantages of this MCR-ALS 

technique in metal nano-synthesis are the more reliably proposed structural evolution, 
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the reduction of hundreds TEM images to be measured, and the reduction of 

experimental time and cost. 

 

 In order to demonstrate the potential applications of AgNPrs in antiseptic medical 

devices, the antibacterial activities of “blue” AgNPrs i.e. the AgNPrs with extinction 

maximum around 800 nm with edge length in the range of 80–120 nm were 

evaluated. AgNPrs can be incorporated into the moist wound dressing consisted of 

nanobiocellulose fibers in the post-modification manner. The AgNPrs integrated 

wound dressing exhibited light blue color representing the sense of cleanness, 

antisepsis, and safety. The developed antiseptic wound dressing prototype exhibited 

the high efficiency in wound odor removing, anti-inflammation and accelerated 

wound recovery.    

 

1.4 Objectives of the Research 

 

 1. To develop a novel method for colloidal AgNPrs synthesis utilizing the 

chemical shape transformation of AgNSs induced by H2O2.  

 2. To elucidate the role of each chemical reagent employed in the shape 

transformation experiment.  

 3. To investigate the morphological evolution of AgNSs to AgNPrs and proposed 

the plausible growth mechanism.  

 4. To demonstrate the potential applications of AgNPrs in antiseptic medical 

devices.    

 



  
   

CHAPTER II 

 

THEORETICAL BACKGROUND 

 

2.1 Localized Surface Plasmon Resonance (LSPR)   

 

 A branch of nanoscience and nanotechnology dealing with the localization, 

guiding, and manipulation of electromagnetic waves beyond the diffraction limit and 

down to the nanometer-length scale is regarded as plasmonics [107]. Metal play a key 

role in plasmonics since it supports surface plasmon polariton modes. Surface 

plasmon polariton is the coupling of electromagnetic waves and the collective 

oscillations of free electrons in the metal. Collective oscillation of the gas of 

negatively charged electrons in the conduction band of the metal as excited by the 

time-varying electric field is called localized surface plasmon resonance (LSPR). This 

oscillation will be in resonance with the incident light at a certain excitation frequency 

(ω), resulting in a strong oscillation of the surface electrons. This phenomenon is 

illustrated in Figure 2.1. Structures that support LSPR experience a uniform Eo when 

excited by light as their dimensions are much smaller than the wavelength of the light. 

 

 

Figure 2.1  Schematic diagram illustrating LSPR phenomena for a sphere. 

Electron cloud in the conduction band collectively oscillates in 

coherent with electromagnetic wave. It is displaced relative to the 

nuclei [20]. 
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 In particular, for a spherical nanoparticle in homogeneous medium, its interaction 

with external electromagnetic wave can be fully described by Maxwell equations. The 

exact analytical solutions are called “Mie theory”. Extinction, absorption, and 

scattering cross sections (CExt, CAbs, CScat, respectively) were calculated using 

standard Mie’s coefficients as follows [3]: 
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where n  and n are Riccati-Bessel functions, 1m N / N , x kr 2 Nr /    ,  N1 is 

the refractive index of particle, N is the refractive index of medium,   is the incident 

wavelength, and r is the particle radius. The extinction, absorption, and scattering 

efficiencies (QExt, QAbs, and QScat, respectively) can be calculated by normalizing their 

corresponding cross sections with particle cross section, 2R  (e.g. 2

Ext ExtQ C / R  ). 

In order for calculating the optical property of metal nanoparticles, the dielectric 

constants of that metal have to be included. Particularly, Brendel-Bormann (BB) 

model [121] for generating optical constants of metals were employed. In addition, 

the free path effect of the electron clouds was also included in the calculation as the 

size-dependent dielectric constant. The simulated size-dependent dielectric constants 

of gold and silver metals are shown in Figure 2.2. 
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Figure 2.2  Size-dependent dielectric constants of silver (A and B) and gold (C 

and D) generated from BB model. 

  

 Simulated extinction efficiency of spherical silver nanoparticles (AgNSs) 

dispersed in water (N = 1.333) at various particle sizes is shown in Figure 2.3. The 

intense peak centered at 400 nm is the dipole plasmon resonance (DPR) of AgNSs 

(Figure 2.3 A). In addition, when AgNSs were illuminated with electromagnetic 

waves in the UV region, they also exhibited the extinction band from 200–320 nm. 

This band is assigned to interband transition of silver metal [91]. The interband 

transition is inherently associated with metal and is independent of size and shape of 

nanoparticle. When the particle size increases, the DPR peak of AgNSs redshifts to 

longer wavelength (Figure 2.3 D). The quadrupole plasmon resonance peak 

associating with inhomogeneous electron oscillation at 380–400 nm is observed for 

large particle size (80–100 nm). Optical property of silver spherical nanoparticles is 

strongly dependent on particle sizes. The measured extinction of silver nanoparticles 

is directly associated with the genuine particle characteristic dispersed in colloidal 

suspension.        
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Figure 2.3  Size-dependent extinction efficiency in UV-visible region of a AgNS 

dispersed in water. Overview of the size-dependent extinction 

efficiency is shown as 3D color map surface (A) and contour plot 

(B). The extinction efficiency for particle with diameter from 5–20 

nm, and 40–100 nm is shown in C and D, respectively. 

 

 We can approximately predict the ensemble-average particle information (e.g., 

size, shape, and distribution) by measuring extinction spectra by UV-visible 

spectroscopy. An example of utilizing LSPR in coupled with the real measurement for 

particle size and shape prediction is shown in Figure 2.4. AgNSs were prepared by 

reducing aqueous AgNO3 with aqueous NaBH4 with the presence of 2% (w/v) soluble 

starch. For the case of spherical nanoparticles, the theoretical prediction and real 

extinction measurement for predicting the particle sizes are in good agreement. 

 

 For more complex shapes with lower symmetry, such as triangular nanoprisms or 

cubes, an exact solution of Maxwell equations cannot be reached. Therefore, 

numerical methods for determining the plasmonic properties of these shapes have 

been developed, and notable examples include the discrete dipole approximation 

(DDA), finite difference time domain (FDTD) method and the finite element method 

(FEM) [107]. In DDA, the particle is divided into an array of N dipoles with 
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polarizability. The first step toward calculating the extinction cross section of the 

nanoparticle is to calculate the induced polarization at each point, Pi, due to an 

incident plane wave, Pi = αi E, where E is the local electric field defined as the sum of 

the incident field and the contributions from the surrounding dipoles. Next, the 

incident field and induced polarizations are used to calculate CExt. Finally, the 

equations are solved using full interaction matrices, which take into account the 

impact of every dipole in the structure. Although DDA yields accurate results with 

errors < 10% (as determined by comparisons with exact solutions from Mie theory), it 

is a very slow computational process. However, with recent developments in new 

algorithms and other methods that dramatically increase the computation speed DDA 

provides a powerful approach to model both the near- and far-field properties of 

nanostructures. 
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Figure 2.4  Calculated extinction spectra (A) and theoretical prediction of 

particle size with the extinction measured from experiment of 

spherical nanoparticles (B). TEM micrographs (C and D) and size 

distribution histogram (E) are also shown.    
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  An example of DDA calculations on optical property in visible to near infrared 

region of triangular and circular Ag nanoprisms (AgNPrs) dispersed in water is shown 

in Figure 2.5. It clearly illustrates the shape-dependent optical property of metal 

nanoparticles. The extinction is contributed mainly from the absorption process. In 

addition, circular nanoprism exhibit higher extinction efficiency compared to 

triangular nanoprisms. 

 

 

Figure 2.5 Calculated extinction (black line), absorption (red line), and 

scattering (blue line) of triangular (A) and circular (B) Ag 

nanoprisms by DDA method [23]. 

 

 Figure 2.6 shows polarization dependent extinction spectra of triangular AgNPrs 

with edge length of 100 nm, thickness = 16 nm, and tip snipping of 10 nm. We can 

see that the intense peak at 680 nm is contributed mainly from the polarization of 

collective electron oscillation along the plane of triangular nanostructure. Therefore, it 

is assigned to in-plane dipole plasmon resonance (IPDPR) of AgNPrs. When AgNPrs 

are polarized along its thickness, only the peak around 320 and 425 nm emerged. 

They are attributed to out-of-plane quadrupole plasmon resonance (OPQPR) and in-

plane quadrupole plasmon resonance (IPQPR) of AgNPrs, respectively. IPQPR of 

AgNPrs is sensitive to the change of shape. As the shape is changed from circular to 

triangular nanoprisms, IPDPR redshifts from 700 nm to 800 nm. In addition, IPDPR 

is also sensitive to the tip-sharpness. As the triangular AgNPrs is snipped at various 

degree from 0 to 10 nm, IPDPR peak blueshifts from 780 nm to 600 nm, respectively 
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(Figure 2.7). For OPQPR mode, it does not sensitive to the change of lateral length. 

However, IPQPR is disappeared when nanoprisms take the circular cross section 

(Figure 2.5 B). As the change in shape and size of AgNPrs are directly associated 

with their optical property, ensemble average shape- and size of AgNPrs can be 

roughly predicted from UV-visible spectroscopy. 

 

 

Figure 2.6 Polarization-dependent extinction of triangular AgNPrs with side 

length = 100 nm, snip = 10 nm, and thickness = 16 nm. (A) and 

comparison of calculated extinction spectra (orientation-average) 

with real measurement (B) [20, 24]. 
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Figure 2.7 Effect of tip sharpness (snipping) on the extinction spectra of 

triangular AgNPrs. AgNPrs possess the edge length of 100 nm  

(snip = 0), thickness of 16 nm, with various degree of snipping [20]. 

 

   

2.2 Chemical Methods for AgNPrs Fabrication    

  

2.2.1 Photochemical or Photoinduced Conversion  

 

 Spherical Ag nanoparticle seeds can be transformed into planar nanostructures 

simply by illuminating the seed colloids with appropriate wavelength of light. 

Illumination wavelength precisely determines the final lateral length of AgNPrs. 

Spherical Ag nanoparticles undergo photolysis to Ag
+
, re-reduced to Ag atom, and 

resorp back to available nucleation sites. Trisodium citrate (TSC) play an important 

role as a reducing agent and capping agent promoting the expansion of {111} facets.  

In addition, aggregation of formed AgNPrs can be prevented by illuminating with 

secondary beam [25] or adjusting the solution pH [3]. However, this method requires 

long illumination period (more than 24 hours) and small volume of AgNPrs are 

obtained. Some of the reported works are summarized in Table 2.1.    
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2.2.2 Soft Template Method  

  

 This method utilize a monolayer of CTAB (cetyl trimethylammonium bromide), 

a quaternary ammonium salt, for protecting the flat top {111} facet of AgNPrs. CTAB 

monolayer plays a role as a template for directing the atomic addition. The protected 

AgNPrs can be further post-modified by thermal treatment yielding rounded 

nanodisks or truncated triangular AgNPrs (Table 2.2).  

 

2.2.3 Thermal Reduction Method  

 

 Some of organic solvents e.g., DMF and ethylene glycol (PEG) can play a role of 

reducing agent. In particular, ethylene glycol is the famous solvent for colloidal metal 

nanoparticle fabrications due to its ability for dissolving various metal salts and 

reagents and controllability of reduction rate simply by adjusting reduction 

temperature. Ag, Au, Pd, and Pt nanoparticles with the shape of cubes, bipyramids, 

octahedrons, and bars can be synthesized by this method [75, 107]. Micrometer-sized 

AgNPrs can be synthesized by this method via oriented attachment growth pathway 

[119] (Table 2.3). 

 

2.2.4 Rapid Thermal Reduction Utilizing H2O2 

 

 The idea on employing H2O2 for AgNPrs was first formally reported by Mirkin in 

2005 [51]. H2O2 assists the formation of planar twinned seeds by selectively removing 

the relatively unstable facets of preformed seeds. Due to the powerful oxidizing 

ability of H2O2, it can totally disintegrate metallic Ag nanostructures e.g. nanocubes 

or bipyramids and exploit them as Ag
+
 source for transforming into AgNPrs. The 

nanoprisms growth can be initiated by injecting NaBH4 into the solution containing 

Ag
+
, H2O2, and TSC. The AgNPrs aspect ratio is strongly dependent on NaBH4 

concentration. Chiral ligand can be incorporated into AgNPrs fabrication. The 

chirality can be transferred to the AgNPrs and induced the formation of chiral self 

assembly of AgNPrs [14]. Some of the methods employed H2O2 for AgNPrs 

fabrication are summarized in Table 2.4. 

http://en.wikipedia.org/wiki/Cetyl_trimethylammonium_bromide
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Table 2.1 Summary of the experimental parameters for AgNPrs fabrication 

utilizing photochemical or photoinduced conversion. 

 

 

Reagents and Conditions 

Products Reducing 

Agent 

Ag
+
 

Source 

Shape 

Controller 

R. Jin et 

al. 

(2001) 

[24, 26] 

NaBH4 AgNO3 

1. BSSP 

2.TSC 

3. 40  W 

 Fluorescent 

 Light (350–

 400 nm) (over 

 70 hrs) 

100   0.15 nm

 

Triangular Ag 

nanoprisms with lateral 

length 100 ± 0.15 nm and 

thickness of 15 nm 

R. Jin et 

al. 

(2003) 

[25] 

NaBH4 

AgNO3 

(or 

Ag2SO4 

CH3CO2Ag 

AgClO4) 

Step 1 (Spheres) 

1. BSPP 

2.TSC 

Step 2 (Prisms) 

1. Double Beam 

 Excitation  

 (1
o
: 450 – 700 

 nm; 2
o
: 340 

 nm) 20–50 h   

 

Triangular Ag 

nanoprisms with  lateral 

length 30–120 nm and 

thickness ~ 10 nm 

Y. Sun 

and Y. 

Xia 

(2003) 

[27] 

NaBH4 AgNO3 

1. TSC 

2. PVP (Mw ~ 

 55k g mol
-1

) 

3.  20 W Halogen 

 Lamp with a 

 UV Cut-Off 

 Filter (40 h)  

 

Triangular Ag 

nanoprisms with lateral 

length ~30–90 nm and 

thickness of 8.4 ± 1.3 nm 
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Reagents and Conditions 

Products Reducing 

Agent 

Ag
+
 

Source 

Shape 

Controller 

V. 

Bastys et 

al. 

(2006) 

[29] 

NaBH4 AgNO3 

1.TSC  

2. PVP (Mw ~ 

10k) 

3. Green LEDs 

 (518 nm) 

4. Green Filter 

 (546 nm) 

5. Red Filter (610 

 nm) 

6. Red LEDs 

(641 and 653 nm) 

 

AgNPrs with lateral 

length 110 ±16.6 –        

242 ± 52.4 nm ; average 

thickness of 10.5 ± 1.8 

nm; controllable plasmon 

extinction maxima in the 

range of 1037–1491 nm 

C. Xue 

and Chad 

A. 

Mirkin 

(2007) 

[3, 26]  

NaBH4 AgNO3 

1. BSPP 

2. TSC 

3. NaOH or 

HNO3 

4. 150  W 

Halogen Lamp 

(500 – 650 nm 

with Bandpass 

Filter) (over 3 

hrs) 

 

Triangular AgNPrs with 

lateral length 60 ± 7 nm; 

coltrollable plasmon band 

in visible to NIR by 

adjusting pH and utilizng 

bandpass filter 

B. Tang 

et al. 

(2009) 

[28] 

NaBH4 AgNO3 

1. TSC 

2. Sodium Lamp 

(80.6 mW/cm
2
) 

(Irradiation 

Time) 

 

AgNPrs with controllable 

LSPR wavelength from 

740–440 nm 

(Conversion) or 620–690 

nm (reconstruction) 
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Table 2.2 CTAB monolayer soft template method for AgNPrs fabrication. 

 

 

Reagents and Conditions 

Products Reducing 

Agent 

Ag
+
 

Source 

Shape 

Controller 

S. Chen 

and D. L. 

Carroll 

(2002) 

[42] 

1.Seeding  

NaBH4 

 

2.Growth 

Ascorbic 

Acid  

AgNO3 

1.Seeding  

TSC 

2.Growth  

1. CTAB 

2. NaOH 

3. Aging 

Thermal 

Treatment  (21 
o
C 

for 12 h; 35 
o
C 

for 5 min; 21 
o
C 

for 24 h) 

 

Truncated triangular Ag 

nanoprisms with edge 

size = 68 ± 11 nm; 

thickness = 24 ± 3.5 nm; 

degree of truncation = 

0.35 ± 0.056 nm 

S. Chen, 

Z. Fan 

and D. L. 

Carroll 

(2002) 

[43] 

1.Seeding  

NaBH4 

 

2.Growth 

Ascorbic 

Acid  

AgNO3 

1.Seeding  

TSC 

2.Growth  

1. CTAB 

2. NaOH 

3. Aging 

Thermal 

Treatment  (40 
o
C 

from 5 min to 57 

h;  

 

Ag nanodisks with 

diameter = 59 ± 10 nm; 

thickness = 26 ± 3.4 nm 
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Table 2.3 Thermal reduction method for AgNPrs synthesis. 

 

 

Reagents and Conditions 

Products Reducing 

Agent 

Ag
+
 

Source 

Shape 

Controller 

I. 

Pastoriza

-Santos 

and L. 

M. Liz-

Marzán  

(2002) 

[40, 41]  

DMF AgNO3 

1. [Ag
+
] 

2. DMF Reflux  

3. PVP  

 

Ag nanoprisms with 

triangle as dominant 

shape with average edge 

length of 80 nm 

Y. Sun, 

B. 

Mayers, 

and Y. 

Xia 

(2003) 

[45] 

NaBH4 AgNO3 

1.TSC 

2. PVP (Mw ~ 

55k g mol-1) 

3. Refluxing in 

Oil Bath at 105 

o
C  

 

Triangular Ag 

nanoprisms (95%) and 

wire – like nanostructures 

(5%) 

Y. Xiong 

et al. 

(2007) 

[47] 

Ethylene 

Glycol 
AgNO3 

1.Polyacrylamide 

2. Reaction 

Temperature 

(135 
o
C) 

3. Reaction Time 

(3h) 

 

Triangular Ag 

nanoprisms with lateral 

length of 25 nm, 

thickness of 10 nm, and 

various degree of 

truncation  
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Reagents and Conditions 

Products Reducing 

Agent 

Ag
+
 

Source 

Shape 

Controller 

Z. Liu et 

al. 

(2012) 

[119] 

PEG400 – 

Water 

Mixture 

Solution 

AgNO3 

1. PVP (Mw ~ 

10k) 

Concentration 

2. Reaction 

Temperature 

(98 
o
C at 10 

o
C/min for 2 h 

and 108 
o
C) 

3. PEG400 – 

Water Mixing 

Ratio 

 

Planar nanostructures 

with edge length in the 

range of  300 – 1000 nm 

and average thickness ~ 

25 nm 

 

2.2.5 Kinetically-Controlled Growth Pathway 

 

 In terms of surface energy, the formation of thin nanoplates is unfavorable. Even 

though the nanoplate structures have a large {111} surface coverage, the total surface 

energy of a thin nanoplate is much higher, because of a larger surface area and the 

lattice strain caused by stacking faults. When the growth of metal nanoparticles is 

deviated from the thermodynamic controlled pathway, the formation of nanoprisms is 

possible. Slow reduction rate and limited number of atoms available is the two 

important criteria for confining the kinetically-controlled condition of nanoprism 

growth. This can be carried out by utilizing mild reducing agent or chelating agent 

(Table 2.5) 

 

2.2.6 Seed-Mediated Approach 

 

 Seed mediated approach (Table 2.6) is an efficient method for completely 

separating the nucleation and growth from each other. Lateral length of AgNPrs can 

be systematically controlled through the number of growth cycle. Nowadays, AgNPrs 
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with tailoring thickness and edge length from nanometer to micrometer scales can be 

fabricated by this approach [35].  The formation of planar twinned seeds can also be 

promoted during the seed preparation step by utilizing H2O2.  

 

Table 2.4 Rapid thermal reduction utilizing H2O2 for AgNPrs synthesis. 

 

 

Reagents and Conditions 

Products Reducing 

Agent 

Ag
+
 

Source 

Shape 

Controller 

G. S. 

Métraux 

and Chad 

A. 

Mirkin 

(2005) 

[51] 

NaBH4 AgNO3 

1.H2O2 

2. PVP 

3.TSC 

 

Triangular AgNPrs with 

Lateral Length 24–50 nm 

and tailorable thickness  

Q. Zhang 

et al. 

(2011) 

[52] 

NaBH4 

AgNO3 

or 

Metallic 

Silver 

1. H2O2 

2.TSC or Other 

Carboxylate 

Compounds 

3.PVP, PVA, 

Ethanol, EG, 

DEG, TEG,  or 

Glycerol 

 

Triangular AgNPrs with 

thickness 6 – 3.5 nm and 

aspect ratio of 11 – 3 

(depending on [NaBH4]) 

N. 

Cathcart 

and V. 

Kitaev 

(2011) 

[14] 

1. NaBH4 

2. Citric 

Acid 

AgNO3 

1. Captopril 

2. H2O2 

3. KCl 

4. KOH 

 

Monodisperse hexagonal 

AgNPrs with lateral 

length of 20–110 nm and 

thickness of 5–20 nm 
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Reagents and Conditions 

Products Reducing 

Agent 

Ag
+
 

Source 

Shape 

Controller 

M. Tsuji 

et al. 

(2012) 

[28] 

NaBH4 

 AgNO3 

or 

Metallic 

Silver 

(e.g. 

Cube, 

and Rod) 

1.TSC or Other 

Carboxylate 

Compounds 

2. PVP 

3. H2O2 

 

Triangular AgNPrs with 

lateral length of  44 ± 8 

nm and average thickness 

of 10 nm  

 

 

Table 2.5 Kinetically-controlled growth of AgNPrs.  

 

 

Reagents and Conditions 

Products Reducing 

Agent 

Ag
+
 

Source 

Shape 

Controller 

I. 

Washio 

et al. 

(2006) 

[44,122] 

PVP Mw 

~ 29k g 

mol
-1

 

AgNO3 

1.PVP:Ag
+
 = 30 

2. T = 60 
o
C 

3. Reaction Time 

 

Triangular AgNPrs with 

edge length of 90–350 nm  

Z. Cao et 

al. 

(2008) 

[49] 

Saturated 

Solution 

of Ag2O 

Hydrazi-

ne 

(N2H4) 

1. Ag2O:TSC = 

 1:9 

2. Ag2O:N2H4 = 

 1:3 

3. 0.1 M EDTA 

 Volume 

 

Triangular or Hexagonal 

AgNPrs with lateral 

lengths of 30–170 nm and 

thickness of 8.5–15 nm 

and controllable plasmon 

maxima in the range of 

500–1100 nm 
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Table 2.6 Seed-Mediated Approach for AgNPrs fabrication. 

  

 

Reagents and Conditions 

Products Reducing 

Agent 

Ag
+
 

Source 

Shape 

Controller 

D. M. 

Ledwith 

et al. 

(2007) 

[33] 

Step 1  

NaBH4 

Step 2  

Ascorbic 

Acid 

AgNO3 

Step 1 

1.TSC (Ice 

Cooled)  

Step 2 

1.Concentration 

of TSC  

2. PVP (Mw ~ 

10k) 

3. Reaction 

Temperature 

 

Triangular Ag 

nanoprisms with lateral 

length of 64 ± 10 nm – 

81 ± 15 nm depending 

on the reaction 

temperature;  Plasmon 

band can be controlled 

in visible range by 

adjusting an amount of 

TSC 

X. Zou et 

al. 

(2007) 

[31] 

Step 1  

NaBH4 

Step 2  

Hydrated 

Hydrazine 

AgNO3 

1. TSC 

2. PVP  

3. Seed Sizes 

4. [Ag
+
] 

 

AgNPrs with 

controllable lateral 

length in the range of 

25–1073 nm and dipole 

SPR from visible to NIR 

(458–2400 nm) 
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Reagents and Conditions 

Products Reducing 

Agent 

Ag
+
 

Source 

Shape 

Controller 

D. 

Aherne 

et al. 

(2008) 

[5] 

Step 1  

NaBH4 

Step 2  

Ascorbic 

Acid 

AgNO3 

1. TSC 

2. PSSS  

3. Seed Volume 

4. [Ag
+
] Feed 

 Rate 

 

Triangular AgNPrs with 

lateral length in the 

range of 20–100 nm  

and thickness of 5–6 nm 

S. T. 

Gentry 

and S. D. 

Levit 

(2009) 

[30, 32] 

NaBH4 AgNO3 

1. Hydroquinone 

2.TSC, PVP, or 

PVA 

3. pH 

 

Mixed geometries of 

AgNPrs with lateral 

length of 80–150 nm 

and thickness of 8 nm 

J. Zeng 

et al. 

(2011) 

[35] 

Seeding 

1. NaBH4 

2. L – 

Ascorbic 

Acid 

Growth 

1. L – 

Ascorbic 

Acid 

AgNO3 

Seeding 

1. TSC  

2. PVP (Mw ~ 

 29k) 

Lateral Growth 

TSC 

Vertical Growth 

PVP (Mw ~ 29k) 

 

 

Triangular AgNPrs with 

lateral length 45 ± 15 – 

5.0 ± 0.5 μm and 

thickness of 5 ± 0.5 nm 

– 25 ± 4 nm (Lateral 

Growth) or triangular 

AgNPrs with lateral 

length of 45 – 600 nm 

and thickness of 5–200 

nm (Vertical Growth) 
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Reagents and Conditions 

Products Reducing 

Agent 

Ag
+
 

Source 

Shape 

Controller 

N. Li et 

al. 

(2012) 

[54] 

NaBH4 AgNO3 

1. H2O2 

2.TSC or Other 

Carboxylate 

Compounds 

3. Ascorbic Acid 

 

Triangular Ag 

nanoprisms with lateral 

length of 30–70 nm and 

thickness of 5 nm 

Q. Zhang 

et al. 

(2010) 

[8, 34] 

Step 1 

NaBH4 

Step 2 

L – 

Ascorbic 

Acid 

Step 1 

AgNO3 

Step 2 

AgNO3 + 

Citrate 

(Ag – 

Cit. 

Complex

)  

Step 1 

1.TSC  

2. PVP (Mw ~ 

 29k) 

3. H2O2 

Step 2 

1.Citric Acid  

2.TSC 

3. Ag – Cit. 

Complex 

Injection Rate 

 

Ag nanoprisms with 

lateral length in the 

range of 25–4000 nm 

and thickness of 6–10 

nm; controllable in-

plane dipole SPR in the 

range of 400–2800 nm 

 

 

2.2.7 Post Modification Approach 

 

 AgNPrs is highly active toward the oxidative etching by the presence of halide or 

organic anion e.g. Br
−
, Cl

−
 and SCN

−
, UV photolysis, or thermal energy. Therefore, it 

is possible for sculpturing the preformed AgNPrs and yielding the smaller AgNPrs. 

The extent of sculpturing is controlled by limiting the anion concentration, irradiation 

time, or adding protecting agent (organic acid with thiol functionality). The final 
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sculptured AgNPrs take the form of circular nanodisks. In some cases, after the post-

modification, AgNPrs exhibit more stability toward the chemical or surrounding 

changes.    

 

Table 2.7 Post-modification or sculpturing method of the preformed AgNPrs. 

 

 

Reagents and Conditions 

Products Reducing 

Agent 

Ag
+
 

Source 

Shape 

Controller 

N. 

Cathcart 

et al. 

(2009) 

[38] 

 

NaBH4 AgNO3 

1.TSC 

2. H2O2 

3. Br
–
 or Cl

–
 

Concentration 

(formation and 

modification) 

4. Aging Time 

 

Triangular, hexagonal or 

rounded Ag nanoprisms 

with lateral lengths of 20 

–100 nm and thickness of 

12–6 nm; controllable 

plasmon resonance in the 

range of 400–900 nm 

Q. Zhang 

et al. 

(2009) 

[39] 

 

NaBH4 AgNO3 

Step 1 

1.TSC  

2. PVP (Mw ~ 

 29k) 

3. H2O2 

Step 2 

UV Light Source 

(365 nm, 120 V, 

1.05 amp) 

 

Triangular and circular 

Ag nanoplates with edge 

length of  48.52 ± 6.27 –  

26.07 ± 5.87 nm and 

thickness of  3.08 ± 0.57 

– 8.6 ± 1.08 nm 
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Reagents and Conditions 

Products Reducing 

Agent 

Ag
+
 

Source 

Shape 

Controller 

Bo-Hong 

Lee et al. 

(2010) 

[4] 

 

NaBH4 AgNO3 

Step 1 

1.TSC  

2. Sodium Lamp 

(100 W, 589 

nm) 

Step 2 

1.PVP  

2. Bromide Ion 

3. MHA 

 

Ag nanoprisms with 

controllable in-plane 

dipole SPR in the range 

of 465–675 nm 

B. Tang 

et al. 

(2008) 

[36] 

(Heat) 

NaBH4 AgNO3 

1. TSC 

2. Time of 

Heating at 95 
o
C 

 

Ag nanodisks with 

controllable diameter in 

the range of  39–57 nm 

and tunable LSPR in the 

range of 472–655 nm 

Chin-

Ming 

Tsai et 

al. 

(2012) 

[37] 

 

NaBH4 AgNO3 

Step 1 

1.TSC  

2. Sodium Lamp 

(400 W, 589 nm) 

Step 2 

2 – 5 x 10
-4

 M 

KSCN   

 

 

Ag nanoprisms or Ag 

nanodisks  with 

controllable in-plane 

dipole SPR in the range 

of 465–670 nm 

 



CHAPTER III 

 

EXPERIMENTAL SECTION 

 

3.1 AgNPrs Synthesis and Characterization  

 

3.1.1 Materials and Chemicals   

 

1. Silver nitrate (AgNO3) (Analytical Reagent (AR) Grade, Merck) 

2. Sodium borohydride (NaBH4) (Analytical Reagent (AR) Grade, 

 Merck) 

3. Soluble starch (Analytical Reagent (AR) Grade, Merck) 

4. Trisodium citrate dihydrate (Analytical Reagent (AR) Grade, Merck) 

5. 30% (w/w) hydrogen peroxide (H2O2) (Analytical Reagent (AR) 

 Grade, Merck) 

6. 65% (w/w) Concentrated Nitric Acid (HNO3) (Analytical Reagent 

 (AR) Grade, Merck) 

7. De-ionized (DI) water  

 

 All purchased chemicals were used as received without any additional 

purification. All glassware and magnetic stir bars were rinsed with 6 M nitric acid, 

cleaned with washing detergent, and then thoroughly rinsed with de-ionized (DI) 

water prior to use. 

 

3.1.2 Instruments & Equipments   

 

1. Hotplate stirrer (IKA


 C-MAG H27) 

2. High Performance Disperser (IKA


 T25 ULTRA – TURRAX


) 

3. Syringe Pump (NE-1000 Programmable Single Syringe Pump, New 

 Era Pump System, Inc.) 

4. Rectangular quartz cuvette 10 mm path length, 3.5 mL volume 
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5. Ocean Optics USB4000 Fiber Optic Spectrometer 

6. DH-2000 deuterium/halogen light source 

7. Cuvette holder, 1-cm path, 200–2000 nm 

8. Hitachi Model H-7650 transmission electron microscope 

9. JEOL JSM-6510 Scanning electron microscope coupled with energy-

 dispersive X-Ray (EDX) detector 

10. Double-sided carbon tape (Electron Microscopy Sciences) 

11. Nicolet 6700 FT-IR spectrometer (Thermo Electron Corporation, 

Madison, WI, USA) equipped with a mercury-cadmium-telluride 

(MCT) detector 

12. Continuμm
TM

 infrared microscope with a built-in 15X Schwarzschild-

Cassegrain infrared objective and a 10X glass objective. 

13. Homemade slide-on Ge μATR accessory with a cone-shaped Ge as 

IRE. 

14. 200 mesh Formvar-coated copper grid (Electron Microscopy Sciences) 

15. JEOL Aluminum mounts (Standard: 10 mm (diameter) × 10 mm 

 (height))  (Electron Microscopy Sciences) 

16. BRAND Starter – Kit Standard Transferpette
®
 S 

 

 3.1.3 Stabilizer Solution Preparation 

 

 In a typical experiment, the stabilizer solution was prepared by slowly added 20 g 

of soluble starch into 1000 mL of boiling DI water. After completing the addition, the 

solution was continuously boiled for another 30 minutes before cooling down to room 

temperature. The final volume of the solution was adjusted to 1000 mL with DI water. 

Unless stated otherwise, the 2% (w/v) starch solution was employed as the solvent.   

 

 3.1.4 Silver Nanospheres (AgNSs) Seeds Preparation 

 

 The AgNSs preparation procedure is depicted in Figure 3.1. Typically, 0.63 g of 

AgNO3 was dissolved in 500 mL of the stabilizer solution. The aqueous solution of 

reducing agent was prepared by dissolving of 0.21 g NaBH4 in 500 mL of the 
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stabilizer solution. The prepared AgNO3 solution was injected into the reducing 

solution at a rate of 2 mL/s under a vigorous stir. The total volume of the colloid was 

adjusted to 1300 mL with DI water, and the stirring was continued for additional 30 

minutes. The synthesized AgNSs colloid was boiled for 2 hours. Then, the colloid was 

cooled down to room temperature and aged for 12 hours to ensure an elimination of 

residual NaBH4 [38, 53–54, 62]. The final volume of the synthesized AgNSs colloid 

was adjusted to 1000 mL with DI water. The final concentration in term of total silver 

content in the synthesized AgNSs colloid was 400 mg/L (ppm) or 3.7 mM. For 

preparation of AgNSs with initial concentrations ranging from 100 ppm – 1200 ppm, 

the required weights of AgNO3 and NaBH4 are summarized in Table 3.1. The 

diameter of the synthesized AgNSs colloid was 6.03 ± 2.60 nm (Figure 3.2). The 

synthesized AgNSs colloid was used within 24 hours after the preparation. 

500 mL of NaBH4 in 

2% (w/v) Soluble Starch 

Stirring

30 min

500 mL of AgNO3 in 

2% (w/v) Soluble Starch 

1000 mL 

AgNSs Colloid

1. Adding 300 mL DI Water

2. Boiling for 2 hr

3. Cool down to RT

4. Adjust Volume

1000 mL 

Final AgNSs Colloid  

Figure 3.1 Preparation of AgNSs seed colloid.   
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Figure 3.2 Typical extinction spectrum (A), TEM micrograph (B), and size 

distribution histogram of AgNSs seed colloid (C).   
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Table 3.1 Calculated weights of AgNO3 and NaBH4 for preparation of AgNSs 

with specified concentration in ppm (or mM) at total volume of  

1000 mL. 

Concentration of AgNSs  

(ppm/mM with respect to total 

Ag
+
) 

Weight of AgNO3 (g) Weight of NaBH4 

(g) 

100/0.927 0.157 ± 0.005 0.059 ± 0.001 

200/1.854 0.315 ± 0.005 0.109 ± 0.001 

300/2.781 0.472 ± 0.005 0.159 ± 0.001 

400/3.708 0.630 ± 0.005 0.209 ± 0.001 

500/4.635 0.787 ± 0.005 0.259 ± 0.001 

600/5.562 0.945 ± 0.005 0.309 ± 0.001 

700/6.489 1.102 ± 0.005 0.359 ± 0.001 

800/7.416 1.260 ± 0.005 0.409 ± 0.001 

900/8.344 1.417 ± 0.005 0.459 ± 0.001 

1,000/9.270 1.575 ± 0.005 0.509 ± 0.001 

1,100/10.198 1.732 ± 0.005 0.559 ± 0.001 

1,200/11.125 1.890 ± 0.005 0.609 ± 0.001 

 

 3.1.5 Shape Transformation of AgNSs to AgNPrs 

 

 The instrumental setup for shape transformation experiment is displayed in 

Figure 3.3. In a typical experiment, 2.65 mL of 30% H2O2 solution was injected to 

200 mL of 400 ppm colloidal AgNSs in a 500 mL Teflon beaker at the rate of 13.45 

mL/min under a vigorous stir. The mole ratio R of H2O2: AgNSs was 35. H2O2 was 

employed for the particle growth instead of NaBH4 [51–53]. The volume and 

injection rate of H2O2 addition were controlled by a syringe pump. A high 

performance disperser was employed as the mechanical stirrer. The homogenizing 

speed was set at 15k rpm. The H2O2 solution was dispensed into the AgNSs seed 

colloid via a tygon tube with an inner diameter of 1.35 mm. After the complete 
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addition of H2O2 solution (approximately 15 seconds), the mixed solution was further 

stirred for additional 10 minutes to ensure the complete reaction. 

 

200 mL 

AgNPrs Colloid

200 mL 

AgNSs Colloid

H2O2
H2O2 in 50 mL Syringe on 

Syringe Pump

High Speed Disperser

Vigorous 

Stirring

15.0

 

Figure 3.3 Experimental setup for shape transformation experiment. 

 

 For other initial AgNSs concentrations and volumes, the injected volume of 30% 

(w/w) H2O2 can be calculated by the following equation: 

 

   
2 2

2 2

AgNSs AgNSs

H O

H O

C V R1
V =

107.8682 1000 C

 



 (3.1) 

 

where 
2 2H OV is volume of H2O2 in mL, AgNSsC  is concentration of AgNSs in mg/L, 

AgNSsV  is volume of AgNSs in mL, 
2 2H OC is concentration of H2O2 in molar, and R is 

the molar ratio of H2O2:AgNSs. 

 

 3.1.6 Characterizations  

 

 Plasmon extinction spectra of Ag nanoparticles were recorded by an Ocean 

Optics USB4000 Fiber Optic Spectrometer coupled with a DH-2000 

deuterium/halogen light source. All samples were diluted with DI water to the same 

concentration (10 mg/L) before each measurement. The spectral artifacts centered at 

650 nm for each measured spectrum are inevitably come from the light source and are 

not correlated with the resulted spectra. TEM micrographs of Ag nanoparticles were 
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recorded with Hitachi Model H-7650 transmission electron microscope operated at 

100 kV. The as-synthesized colloids were purified by washing with DI water through 

the ultracentrifugation and re-dispersed in DI water. The purified colloid was drop-

coated on Formvar-coated copper grids (200 mesh) and dried at room temperature in a 

desiccator for 24 hours before TEM measurements. Dimensions of the silver 

nanoparticles were measured directly from the micrographs using ImageJ [63]. The 

molecular characteristics of the soluble starch and its related products were acquired 

by ATR FT-IR microspectroscopy via a Nicolet 6700 FT-IR spectrometer coupled 

with the Continuμm infrared microscope equipped with a mercury-cadmium-telluride 

(MCT) detector. A built-in 15X Schwarzschild-Cassegrain infrared objective was 

employed for all spectral acquisitions. A slide-on cone-shaped Ge μIRE (Figure 3.4) 

was employed as the sampling probe [109].  

 

 

Figure 3.4 A slide-on cone-shaped Ge μIRE and its housing [109]. 

 

Virgin starch solution, starch-stabilized AgNSs colloid, and starch-stabilized AgNPrs 

colloid were dropped onto a glass slide and dried under an ambient condition before 

subjected an infrared spectral acquisition [110–111]. The dried film on the glass slide 

was mounted onto the sample stage beneath the infrared objective (Figure 3.5). 

  
Normal Operation (Survey-and-Collect)

A: Survey B: Collection

 

Figure 3.5 Normal operation for ATR FT-IR spectral acquisition utilizing slide-

on cone-shaped Ge μIRE [109]. 
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The spectral acquisition at a defined position was conducted by raising the sample 

stage until the film on the glass slide comes in contact with the tip of Ge μIRE. The 

degree of contact was monitored and controlled by a built-in pressure sensor. All ATR 

spectra were collected at 4 cm
-1

 with 128 co-addition scans. 

 

 3.1.7 Chemometric Data Analysis  

 

 This part of the works was contributed by Dr. Kanet Wongravee. Statistical and 

chemometric analyses of the spectroscopic data were performed in MATLAB 

(Mathwork, Inc. Version R2011b). The software to determine the number of main 

components and initial estimation was developed by our group. We recommend that 

the reader should consult the master degree thesis by Dr. Kanet Wongravee [102] for 

comprehensive details of software development, validation, and implementation. The 

MCR-ALS analysis was achieved using the MCR-ALS program with graphical user 

interface (GUI) facility developed by Tauler et al. [103]. 

 

3.2 Antibacterial Activity Evaluation of AgNPrs 

 

 This part of the works was contributed by Mr. Kamol Rodyou and Associate 

Professor Sirirat Rengpipat of Department of Microbiology, Faculty of Science, 

Chulalongkorn University. 

 

3.2.1 Tested Bacteria 

1. Escherichia coli ATCC 25922 

2. Staphylococcus aureus ATCC 25923 

3. Methicillin-resistant Staphylococcus aureus (MRSA) 

4. Acinetobacter baumannii 

5. Pseudomonas aeruginosa ATCC 27853 
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3.2.2 Test Method   

 

 The antibacterial activity of AgNPrs was evaluated via the total plate count 

method. 

 

3.2.3 Test Procedure   

  

3.2.3.1 Preparation of Inoculums 

 

The bacteria subjected to the test were cultivated in the Tryptic Soy Broth 

(Difco
TM

) culture medium. Then, they were incubated in incubator shaker at      

37 
O
C for 9 hours at the rotor speed of 200 rounds per minutes (rpm). The 

cultured bacteria were separated from the cultured media by centrifugation at 

8,000g for 10 minutes. After washing with normal saline by ultracentrifugation, 

the bacteria were resuspended in Peptone water (Difco
TM

) for employing as 

inoculums. 

   

3.2.3.2 Preparation of AgNPrs 

  

1,000 ppm blue AgNPrs (Figure 3.6) were measured in 12x100 mm test 

tube containing with 3 mL DI water as solvent at the dose of 1, 2.5, 5, 10, and 20 

ppm for the test. 

 

3.2.3.3 Inoculation of the Test Tube 

  

0.1 mL of inoculum was transferred to the solution obtained in 3.2.3.2, 

whilst another 0.1 mL of inoculum was transferred to the control medium (normal 

saline solution). The initial amount of tested bacteria were selectively controlled in 

the range of 1x10
5
–1x10

6
 CFU/mL. 
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3.2.3.4 Incubation 

  

Two test tubes from 3.2.3.3 were incubated at 25 
O
C for 24 hours at rotor 

speed of 200 rpm in incubator shaker. 

  

3.2.3.5 Bacteria Counting 

  

There were three set of sample of bacterial counted for comparison i.e. the 

initial bacteria (after the preparation of inoculum), the control set, and the 

AgNPrs + bacteria test set. The bacterial colony forming units (CFU) were 

evaluated through the total plate count method on Nutrient agar (Difco
TM

) culture 

medium. The percent reduction of microorganism was evaluated by Eq. 3.2: 

 

 Control 24 h

Control

X  - X  
% Reduction = 100 

X
  (3.2) 

 

where XControl is the amount of bacteria in the control set, X24 h is the 

amount of bacteria survived after 24 hours in the test set, and %Reduction is the 

antibacterial activity. 
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Figure 3.6 Photograph, plasmon extinction spectrum, and TEM micrographs of 

1000 ppm “blue” AgNPrs.  
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3.3 Antiseptic Wound Dressing Prototyping and Clinical Tests 

 

This part of the works was contributed by Novatec Healthcare, Co., Ltd. 

and Thai Nanocellulose, Co., Ltd. The fabrication procedures are trade secret. 

Surface morphology characterization of the wound dressing was performed on 

scanning electron microscope. The sample was prepared by drying a thin-

specimen of wound dressing on an aluminum stub at ambient condition.  



 

CHAPTER IV 

 

RESULTS AND DISCUSSION 

 

4.1 Preliminary Observations   

 

 The idea on employing H2O2 for AgNPrs synthesis was firstly reported in the 

publication by Métraux in 2005 [51]. The shape transformation reaction was 

accomplished by direct chemical reduction of silver ion (Ag
+
) with sodium 

borohydride (NaBH4) in the presence of H2O2, along with citrate as the capping agent 

and/or PVP as the polymeric stabilizer. H2O2 was utilized as the powerful oxidative 

etching agent that singled out the seeds with highest stability. Here, we primarily 

carried out the shape transformation experiment with some modifications from the 

previous reports [51–53] by replacing citrate and PVP with soluble starch in order to 

explore the feasibility in removing surface capping agents for colloidal anisotropic 

nanostructure fabrication. The experimental procedure is outlined in Figure 4.1.  

  

5.6 μM AgNO3

H2O2: AgNO3 = 250:1

2% (w/v) Soluble Starch 

Freshly Prepared 

1.5% (w/v) NaBH4

Nucleation

8 – 30 min

Transformation

Few Seconds

AgNPrsGrowth Solution

Total Volume = 40 mL 

 

Figure 4.1 The experimental setup for the preliminary observations on the 

chemical shape transformation without surface capping agents. 

 

First of all, 0.139 mM AgNO3 was mixed with H2O2 at the molar ratio of 

H2O2:AgNO3 = 250 in 40 mL of 2% (w/v) soluble starch solution. The shape 
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transformation was initiated by rapidly injecting 1.5% (w/v) NaBH4 solution at the 

molar ratio of NaBH4:AgNO3 = 7.14 into the premixed solution. Immediately after 

NaBH4, the transparent premixed solution became very light pale yellow indicating 

the formation of spherical silver nanoparticles. The solution color remained 

unchanged for 459 s before the initial burst of intense yellow color (Figure 4.2 D–F). 

The solution color progressively changed from yellow to orange, pink, purple, violet, 

and blue within 36 s (Figure 4.2 E–O). These change indicated the rapid shape 

transformation of Ag nanoparticle since the optical property is directly associated 

with the shape and size of the nanoparticles [1, 20, 24–25]. After the initial burst for 

67 seconds, the solution color was unchanged indicating the termination of the shape 

transformation.  

 

Pre-Mixed
Solution

NaBH4

Injection
436 s

After NaBH4

459 s

Initial Burst

459 s

Fast Transition

467 s (8 s)
Initiation

472 s (13 s)
Prism Growth

474 s (15 s)

476 s (17 s) 481 s (22 s) 484 s (25 s) 486 s (27 s) 488 s (29 s) 491 s (32 s) 495 s (36 s) 526 s (67 s)
Termination

A B C D E F G H

I J K L M N O P

 

Figure 4.2 The shape transformation progress as observed from the change in 

solution color recorded from the VDO recorder. The number in the 

parentheses indicates the relative time interval with respect to the 

initial burst of the solution color (D). 

 

The time-resolved extinction spectra of the shape transformation experiment are 

shown in Figure 4.3. The initial solution (after the injection of NaBH4) showed the 

peak at 250 nm in UV region. The peak is associated with H2O2 (Figure 4.5). H2O2 

was consumed overtime in the transformation progress since the intensity of the peak 

was gradually reduced. The tailing peak from 280–500 nm corresponds with the pale 
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yellow color observed in Figure 4.2 B and D. This tailing peak occurred after NaBH4 

was injected into the premixed solution of AgNO3+NaBH4+starch. It associated with 

the extremely small (diameter < 5 nm) spherical AgNPs primarily formed since broad 

extinction spectra of such species were predicted by the theory and observed 

experimentally [104]. At the initial burst (1.2 s), there was an extinction peak at 415 

nm. This peak rapidly redshifted to 425 nm within 1.2 s with the development of 

shoulder peak around 375 nm and 350 nm. These observations were different from the 

earlier reports [52] that the peak initially observed after the nucleation burst was 

around 400 nm corresponding to the spherical AgNPs. From the spectroscopic 

evidence, we anticipated that the initial shape of the nanoparticles developed in our 

system partially possessed the nanoplate-like structures with spherical profiles [105]. 

As the shape transformation progressed, the peaks at 425 nm redshifted to 608 nm in 

corresponding with the solution color change indicating the lateral enlargement of the 

AgNPrs. The peak at 608 nm corresponds to the in-plane dipole plasmon resonance 

(IPDPR) of the AgNPrs. The time-dependent extinction intensity at 608 nm (Figure 

4.4) clearly exhibit the AgNPrs evolution profile from initiation at first 20 s to rapid 

growth during 20–60 s, and growth termination after 70s. There were other two 

extinction peaks evolved during the shape transformation, namely, the peak at 458 nm 

and 339 nm, corresponding to the in-plane and out-of-plane quadrupole plasmon 

resonances (IPQPR and OPQPR). These spectroscopic evidences confirmed that our 

obtained final nanostructures were nanoprisms. These observations clearly told us that 

we can fabricate the anisotropic nanostructures without employing the surface specific 

capping agents. In the next step, we will identify the chemical reagents and factors 

that play the key role in the chemical shape transformation.  

  

 In the standard experimental condition, AgNO3, H2O2, and starch were premixed 

in the solution before the injection of NaBH4. When H2O2 was excluded from the 

premixed solution, the resulted yellow colloid exhibited only the dipole plasmon 

resonance (DPR) peak at 401 nm corresponding to the spherical AgNPs with diameter 

4.12 ± 0.75 nm (Figure 4.6 A). The spherical AgNPs with larger diameter and broader 

size distribution of 10.92 ± 3.14 nm were obtained when starch and H2O2 were 

excluded from the synthesis (Figure 4.6 B). When H2O2 was included in the synthesis 
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without utilizing starch as a stabilizer, still there were no AgNPrs formed since the 

resulted colloid exhibited only the DPR peak at 402 nm (Figure 4.6 C). However, the 

diameter of the spherical nanoparticles was smaller than that of Figure 4.6 B. The 

AgNPrs were formed only when all the reagents in the standard experimental 

conditions were included (Figure 4.6 D). The plasmon extinction peaks at 608, 458, 

and 399 nm corresponding to IPDPR, IPQPR, and OPQPR of AgNPrs. The colloidal 

solution exhibited the blue color. Triangular AgNPrs with average edge length of 87 

nm were observed in TEM micrographs. These results indicated that the presence of 

H2O2 and starch in the premixed solution and their complemental functions were 

essential for the shape transformation to be possible. AgNO3 and NaBH4 were the Ag
+
 

source and reducing agent, respectively. As shown in TEM micrographs of Figure 4.6 

A and B, soluble starch play the role of the stabilizer facilitating the formation of 

extremely small nanoparticles with narrow size distribution. H2O2 was the powerful 

oxidative etching agent that can disintegrate the AgNPs as observed from Figure 4.6 

B and C that smaller AgNPs were formed when H2O2 was employed. The distinct 

point to be emphasized here is that when H2O2 and soluble starch were separately 

employed, shape transformation did not occur.            

 

 

Figure 4.3 Time-resolved spectra of the shape transformation process. The 

spectra were recorded shortly before the nucleation burst.  
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Figure 4.4 Time-dependent extinction intensity at 608 nm derived from the 

extinction spectra in Figure 4.3. 
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Figure 4.5 UV-visible spectra of chemical reagents employed in the shape 

transformation experiment. 
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Figure 4.6 Plasmon extinction spectra, TEM micrographs, and digital 

photograph of the nanoparticle products from the shape 

transformation experiment when H2O2 was excluded (A), starch and 

H2O2 were excluded (B), and starch was excluded (C) from the 

standard condition, and when all reagents (Ag
+
+ H2O2+Starch+ 

NaBH4) were presented (D). 
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 In order for gaining more insights to the shape transformation mechanism, the 

role of NaBH4 was also investigated. Various molar ratio of NaBH4:AgNO3 from 4 to 

25 were employed in the transformation experiments, while AgNO3, the molar ratio of 

H2O2:AgNO3, soluble starch concentration, and total volume of the synthesis were 

constrained at 0.139 mM, 250, 2 % (w/v), and 40 mL, respectively. The results are 

shown in Figure 4.7. When NaBH4:AgNO3 was less than 5, there were no observable 

shape transformation occurred. In addition, the final solution remained transparent. 

The formation of nanoparticles species were initially observed when NaBH4:AgNO3 

were equal to 5.0. At NaBH4:AgNO3 of 5.56, there were the extinction peak at 434 

nm and shoulder peak at 377 and 348 nm displayed in the extinction spectra, 

indicating the initial formation of AgNPrs species. The formation of planar 

anisotropic nanostructures became dominant when NaBH4:AgNO3 increased from 

6.25 to 7.14. The solution color changed from yellow to green and blue, respectively, 

in concomitant with the increasing in IPDPR intensity of AgNPrs at 608 nm. The 

IPQPR and OPQPR peaks of AgNPrs also gradually developed. However, excess 

NaBH4 seemed to suppress the AgNPrs formation. The extinction intensity at 608 nm 

was gradually reduced and the final solution colors were “stepped back” to the yellow 

brown color when NaBH4:AgNO3 increased from 7.14 to 25. In addition, IPDPR, 

IPQPR, and OPQPR peaks of AgNPrs were totally disappeared when NaBH4:AgNO3 

was equal to 25. Only broad extinction spectrum with peak maximum at 432 nm 

characteristics to large spherical AgNPrs was observed. These observations suggested 

that NaBH4 played the role more than a simple electron source. Its optimal 

concentration also determined the successful and completeness of the shape 

transformation from AgNSs to AgNPrs. One thing to be noted here is that the shape 

transformation experiments were performed when both the oxidizing species as H2O2 

and reducing species as NaBH4 were simultaneously presented. Therefore, both 

species might be consumed overtime by reacting with each other. We confirmed this 

by mixing NaBH4 and H2O2 in the soluble starch solution before addition of AgNO3 

to see that whether there were residual NaBH4 presented in the growth solution or not. 

When AgNO3 was injected after 30 min of incubation, there were no observable 

LSPR peaks in the UV-visible spectra indicating the formation of Ag nanoparticle 

species (Figure 4.8 H). Only the intense peak of H2O2 at 250 nm remained.       
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Figure 4.7 Effect of NaBH4 on the shape transformation reaction. digital images 

and plasmon extinction spectra are corresponded to the molar ratio of 

NaBH4:AgNO3 employed in the experiment.  
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Figure 4.8 Experimental verification for the presence of NaBH4 in the growth 

solution.  

 

These results suggested that NaBH4 was consumed overtime by H2O2. However, 

when additional NaBH4 was added to the test solution, the LSPR peaks of AgNPrs i.e. 

729 nm (IPDPR), 493 nm (IPQPR), and 338 nm (OPQPR) were again observed. The 

reduction in peak intensity at 250 nm also indicated that H2O2 was consumed in the 

transformation process. The persistent presence of H2O2 after the complete 

consumption of NaBH4 suggested that the shape transformation occurred in the 

oxidizing environment. The atomic dissolution and resorption process occur during 

the growth of nanoprisms [107]. When insufficient amount of NaBH4 was employed, 

incomplete or no shape transformation was observed. The atomic dissolution of 

metallic Ag species i.e. monomeric Ag atom or Ag nanoparticles species to Ag
+
 by 

oxidative etching of H2O2 was prevailed, while the resorption process was suppressed. 

Therefore, we only observed the collapse of the nanostructures as reflected in the 

resulted transparent solution, or the incomplete shape transformation due to the lack 

of electron source for the atomic resorption process. These suggested that in addition 

to conventional reducing function, NaBH4 also acted as the “protecting agent” 

preserving the formed metallic Ag species required for the prism growth. However, 
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when excess NaBH4 was presented, the shape transformation was also suppressed. 

Here, the atomic resorption process was enhanced due to the excess electrons 

available in the system. The structures of metallic Ag species cannot be modified 

through the oxidative etching process by H2O2 since the etched Ag
+

 was immediately 

reduced to Ag and resorped back to its original structures. In an extreme case, only 

isotropic characteristics of AgNSs were exhibited in the extinction spectra when 

excess NaBH4 was employed (Figure 4.7 at NaBH4:AgNO3 = 25). These implied that 

the structural modification of initially formed metallic Ag by H2O2 through the 

oxidative etching was also required in order for preparing the appropriate 

nanostructures for the further growth into AgNPrs. Therefore, the key for successful 

chemical shape transformation is to modulate the oxidizing power of H2O2 and 

reducing power NaBH4 so that they are cooperated well in constructions of AgNPrs 

without interfering each other. 

 

 From the above discussion, we can now summarize the key factors for 

performing the successful shape transformation experiment as follows: 

  Extremely small nanoparticles (diameter < 5 nm) should be presented initially 

in the transformation process since they exhibited the relatively higher size-

dependent instability compared to larger nanoparticles [25, 51]. Therefore, 

they will be more susceptible to be structurally modified by oxidative etching 

of H2O2. Utilizing soluble starch as stabilizer in the growth solution can 

facilitate the formation of these extremely small nanoparticles. 

  Atomic dissolution of metallic Ag by the oxidative etching of H2O2 had to be 

preferentially occurred before the reducing action of NaBH4 in order for 

modifying the metallic Ag species to the appropriate crystal structures before 

subsequent growth into AgNPrs. This can be accomplished by using much 

higher amount of H2O2 in comparison to NaBH4. Specifically, for our shape 

transformation experiment, the mole ratio of H2O2:AgNO3, NaBH4:AgNO3, 

and H2O2:NaBH4, were 250, 7.14, and 35, respectively. 

  The reducing function of NaBH4 should be cooperated with the oxidizing 

action of H2O2. Sufficient amount of NaBH4 had to be employed for complete 

reduction of Ag
+
 presented in the growth solution. Meanwhile, it should not 
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suppress the oxidizing role of H2O2 so that atomic dissolution-desorption can 

be continued during the prism growth process. 

 

The proposed shape transformation mechanism is depicted in Figure 4.9. When 

NaBH4 was injected into the premixed solution, Ag
+
 was preferentially reduced as 

described by chemical equation 4.1 [108].  

 

 2AgNO3 + 2NaBH4 + 6H2O  2Ag + 2NaNO3 + 2H3BO3 + 7H2   (4.1) 

 

The formed metallic Ag can be oxidatively etched by H2O2:  

 

 2Ag + H2O2 + 2H
+
  2Ag

+
 + 2H2O (ΔE

0
 = + 0.964 V)   (4.2) 

 

 

Figure 4.9 The proposed shape transformation mechanism. 

 

The atomic dissolution (Eq. 4.2), re-reduction of etched Ag+ (Eq. 4.1) and atomic 

resorption onto metallic Ag species were repeatedly occurred before the initial 

nucleation burst. The result from this cyclic process was the seeds with the highest 

relative stability. From the previous reports, only seeds with planar twinned structure 

were survived during the seed selection process [52–53].  The planar twinned seeds 

subsequently acted as the nucleation sites for the Ag atom addition of during the 

nanoprism growth process. In the nanoprism growth process, the oxidative etching 

action of H2O2 still played the role by solubilizing the nanostructures with relatively 

low stability. Spherical nanostructures were relatively more labile than the plate-like 
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nanostructures in oxidizing environment [53]. The etched Ag
+
 was re-reduced by 

NaBH4 and underwent anisotropic atomic resorption on the planar twinned 

nanostructures until the exhaustion of NaBH4, yielding the final AgNPrs. 

  

 We also explore the feasibility for utilizing the developed shape conversion 

system in tuning the optical properties of AgNPrs. The IPDPR of AgNPrs can be 

selectively tuned in the range from 425–750 nm by optimizing the molar ratio of 

H2O2:AgNO3 (Figure 4.10 and Table 4.1). In contrast to the previous observations 

[52–53], we also had to optimize the concentration of NaBH4 in corresponding to 

each molar ratio of H2O2:AgNO3 for obtaining the desired IPDPR positions of 

AgNPrs. IPDPR position and experimental conditions for each experiment is 

summarized in Table 4.1.  
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Figure 4.10 Plasmon extinction spectra and digital images of the colloidal 

AgNPrs with various IPDPR peaks as synthesized by the developed 

procedure. 
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Table 4.1  The experimental conditions employed for the AgNPrs synthesis in 

Figure 4.10. AgNO3 concentration, soluble starch concentration, and 

total volume of the synthesis were constrained at 0.139 mM, 2% 

(w/v), and 40 mL, respectively. 

 

Experiment No. 
IPDPR Position 

(nm) 

H2O2:AgNO3 

Mole Ratio 

NaBH4:AgNO3 

Mole Ratio 

A 401 0 10 

B 426 50 2.03 

C 447 75 5.6 

D 538 100 5.6 

E 569 150 5.81 

F 580 200 6.08 

G 608 250 7.14 

H 634 300 8.55 

I 670 350 9.27 

J 714 400 9.98 

K 750 500 14.26 

 

 

4.2 H2O2-Induced Shape Transformation of AgNSs to AgNPrs    

 

 We have demonstrated in the previous section that the shape transformation of 

AgNSs to AgNPrs can be accomplished without utilizing surface capping agents e.g. 

citrate or PVP. In addition, our developed system also exhibited the optical 

controllability of the obtained AgNPrs in the visible to near infrared region. However, 

high molar ratio of H2O2:AgNO3 (at least 100) and NaBH4:AgNO3 (at least 5.6) had 

to be employed in order to obtain the high yield of AgNPrs with reliable IPDPR 

positions. Many interesting points arose for the improvement of the shape 

transformation system. The most important one should be “Is it possible to trigger the 

shape transformation and carry out the nanoprisms growth process utilizing only 

H2O2?”        
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  First of all, it is well known that we can store Ag
+
 with H2O2 infinitely without 

observing any change in the solution but only the decomposition of H2O2 to oxygen 

gases and water overtime. However, concentrated (30–90% (w/w)) H2O2 could 

undergo catalytic decomposition on various metals including Ag where metal ion 

could be released from the metal surface and colloidal metal particles were observed 

after the decomposition [66–68].  This evidence told us that H2O2 can modify the 

surface of metal through the oxidative etching function, and metallic particles can be 

formed separately from the original metal surface. The formation of metallic particles 

from released metal ions also implied the reducing capability of H2O2. Reducing 

function of H2O2 was previously addressed in many studies on fabricating of metal 

nanostructures [57–61]. Therefore, the first modification step was to shift the silver 

ion source from AgNO3 to some other metallic Ag species that capable of catalyzing 

decomposition of H2O2. The next step to clarify was that can we control the released 

Ag
+
 to be re-reduced back to Ag atom by H2O2 and anisotropically resorped back to 

available Ag nanoparticles species so that the growth of nanostructure would be 

possible. Previously, polymer-capped AgNSs were employed as H2O2 sensor [81–82]. 

However, only the colloidal color diminution without a shape transformation was 

observed. Attenuation of plasmon extinction was mainly due to the oxidative 

dissolution of AgNSs to Ag
+
 by H2O2. We anticipate that because of low 

concentration (less than 0.5 mM) of AgNSs employed in the sensing system in order 

to obtain the mathematically meaningful LSPR intensity for subsequent calibration 

test preventing them from the observing shape transformation phenomena.   

  

 Therefore, we started our modified shape transformation experiment with the 

synthesis of starch-stabilized AgNSs for utilizing as silver ion source instead of 

AgNO3. The initial concentration of AgNSs (in term of total Ag
+
 content) was 

increased to from 0.139 mM to 1.854 mM (approximately 14 times) to test our 

hypotheses. The average particle diameter was around 6 nm (Figure 4.11 B), 

satisfying the extremely small particle criteria as described in the preliminary 

observations. The shape transformation reaction was initiated simply by adding 30% 

H2O2 into the colloidal AgNSs. The volume of the colloidal AgNSs increased from  

40 mL to 200 mL in order for investigating a scaling up of the process. Due to the fast 
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and violent reaction between H2O2 and metallic Ag, we employed the high 

performance disperser as mechanical agitator in order to obtain uniform H2O2. 
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Figure 4.11 Preliminary observations on the shape transformation of AgNSs to 

AgNPrs utilizing H2O2. Initial AgNSs concentration was 1.834 mM. 

The molar ratio of H2O2:AgNSs (R) was varied from 0 (AgNSs) to 

20. H2O2 injection rate was 10.09 mL/min. The disperser speed was 

set at 15k rounds per minute (rpm).  Plasmon extinction spectra (A), 

TEM micrographs of silver nanospheres (B) and circular nanoplates 

(C) are shown. The digital photograph of the colloidal suspensions at 

various R is shown as inset.   
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 To our surprise, we observed the color change of the colloidal suspension from 

yellow to pink and red, respectively, immediately after the injection of H2O2 into 

AgNSs colloid. This color change is directly associated with the shape evolution of 

metallic Ag species. When the molar ratio of H2O2:AgNSs increases from 5 to 20, the 

intensity of DPR peak of AgNSs at 400 nm is attenuated in concomitant with the 

increment in intensity of emerging peak at 500 nm as observed in the plasmon 

extinction spectra (Figure 4.11 A). Another less intense peak at 342 nm is also 

developed. Circular nanoplates with average bisector length of  

27 nm were formed as observed in the TEM micrograph (Figure 4.11 C). Therefore, 

the developed peaks at 500 nm and 342 are IPDPR and OPQPR peaks of formed 

nanoplates. Interestingly, H2O2 can induce the direct transformation of AgNSs to 

AgNPrs as the isosbestic point centered at 342 is noticed. 

 

 When initial AgNSs concentration was increased to 3.71 mM (~ 2 times higher), 

more interesting phenomena were observed. Figure 4.12 displays the digital 

photograph of the colloids, the corresponding extinction spectra, and representative 

TEM micrographs of AgNSs and AgNPrs with different molar ratios of H2O2:AgNSs 

(R) from 1 to 50. Upon an injection of H2O2 into the AgNSs colloid, the color of the 

colloid instantaneously changed from yellow to red, pink, violet, and blue depending 

on the molar ratio R (Figure 4.12 A). The color and spectral changes (Figures 4.12 A 

and B) directly associate with the morphological transformation of the silver 

nanoparticles. Initially, when R = 1, there was no observable change in plasmon 

extinction spectrum. A tailing at 450–500 nm emerged when R was increased to 2.5 

indicating the partial aggregation of oxidatively etched AgNSs (Figure 4.12 D). At 

this stage, the signature of the in-plane dipole plasmon resonance (IPDPR) and the 

out-of-plane quadrupole plasmon resonance (OPQPR) of AgNPrs were not observed 

(Figure 4.13 and Table 4.2). This indicates that AgNSs were not yet transformed to 

anisotropic nanostructures. The color change from yellow to red was observed when 

R = 5. AgNPrs with circular cross section were formed as indicated by the 

corresponding TEM micrograph (Figure 4.12 E). Two new peaks centered at 339 nm 

and 512 nm are attributed to the OPQPR and IPDPR of the circular AgNPrs, 

respectively. 
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Figure 4.12 Digital photograph of AgNSs colloids (A) and the corresponding 

plasmon extinction spectra (B) before (R=0) and after addition of 

H2O2 (R = 1–50). TEM micrographs of AgNSs (C; R = 0), initially 

etched AgNSs (D; R = 2.5), circular AgNPrs (E; R = 5), and AgNPrs 

(F; R = 1:30) are shown as representatives of structural development 

upon an addition of H2O2. 
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nd
 Derivative spectra of the plasmon extinction spectra shown in 

Figure 4.12. The numbers indicate the molar ratio of H2O2:AgNSs 

(R) employed for the shape transformation process. The dipole 

plasmon resonance (DPR) of AgNSs at ~400 nm decrease while the 

out-of-plane quadrupole plasmon resonance (QPQPR) near ~340 nm 

increase as the mole ratio R increase. 

 

 The AgNPrs enlarged as R was increased to 30. The morphologies of AgNPrs 

with R = 30 were circular disk, truncated triangle, and hexagon (Figure 4.12 F). The 

redshift of IPDPR from 512 (R = 5) to 575 nm (R = 30) indicates that AgNPrs are 

laterally expanded as evidenced in the increasing of edge length from 27.46 ± 8.38 nm 

to 47.49 ± 10.01 nm, respectively (Figure 4.14). 

 

 A slight blueshift of OPQPR from 339.07 to 337.25 nm indicates an increment of 

the aspect ratio (bisector length/thickness) of AgNPrs. The change in dipole plasmon 

resonance (DPR) peak of initial AgNSs was also investigated. The DPR peak of the 

AgNSs was slightly blueshifted from 401.85 nm to 398.99 nm when R was increased 

from 1 to 15. Additionally, the reduction of DPR intensity of AgNSs was 

accompanied by the increment of IPDPR intensity of AgNPrs when R was increased 

from 1 to 30. These indicate that starting AgNSs are oxidatively etched by H2O2. The 

etched AgNSs and solubilized Ag
+
 from the etching process are instantly utilized for 

the formation of AgNPrs. An increasing extinction and the redshift of IPDPR together 
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with a disappearance of the DPR at 402 nm indicate that enlargement of AgNPrs 

dimensions and increment in AgNPrs population are accomplished with the expenses 

of the AgNSs (Figure 4.15). The direct transformation of AgNSs to AgNPrs is 

corroborated by chemometric study based on multivariate curve resolution–alternative 

least squares (MCR–ALS) analysis [89]. The complete disappearance of DPR peak of 

AgNSs at R of 30 implies that AgNSs are totally consumed in the process. An 

absence of a hump peak around 420–440 nm suggests that there are no other 

nonspherical nanoparticles or residual small-diameter nanoparticles in the final 

colloid [30]. When R is increased from 35 to 50, a slight reduction in IPDPR intensity 

with a redshift from 581 to 594 nm indicates a formation of larger AgNPrs with an 

expense of smaller AgNPrs through the Ostwald ripening process [89]. 

 

Table 4.2 Peak positions of DPR of AgNSs, IPDPR and OPQPR of AgNPrs of 

the plasmon resonance spectra shown in Figure 4.12. R indicates the 

molar ratio of H2O2:AgNSs employed for the shape transformation. 

 

R  OPQPR of AgNPrs  IPDPR of AgNPrs  DPR of AgNSs  

0  Not Observed  Not Observed  401.85  

1  Not Observed  Not Observed  401.85  

2.5  340.88  Not Observed  401.14  

5  339.07  511.61  400.06  

7.5  338.70  523.06  339.35  

10  337.98  541.19  398.99  

15  337.61  559.72  398.99  

20  337.61  570.14  Not Observed  

25  337.25  573.55  Not Observed  

30  337.25  574.57  Not Observed  

35  337.25  581.11  Not Observed  

40  337.25  582.72  Not Observed  

45  337.25  584.08  Not Observed  
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Figure 4.14 Histograms show particle size distribution of the original silver 

nanospheres (AgNSs) (A) and the corresponding silver nanoprisms 

(AgNPrs) synthesized by the H2O2-triggered shape transformation 

with the mole ratio of H2O2:AgNSs (R) of 10 (B), 20 (C), and 30 (D). 

Each histogram was calculated from at least 300 particles in non-

overlapping TEM images with sufficiently clear and adequate 

magnifications. Examples of the employed TEM images are shown. 

The particles show normal size distribution as indicated by the fitted 

Gaussian curves (dotted lines). 
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Figure 4.15 DPR Peak intensity of AgNSs ( ) and IPDPR of AgNPrs ( ) at the 

corresponding R. Number at each point indicates IPDPR peak 

position. AgNSs ( ), planar twinned seeds ( ), re-reduced Ag atom 

( ), circular AgNPrs ( ), and hexagonal and truncated 

triangular AgNPrs ( ) are schematically drawn as insets to 

demonstrate the morphological evolution. 

 

4.3 Role of the Reagents in the Shape Transformation Process and Proposed 

Morphological Transformation Mechanisms    

 

 The observed results in section 4.2 suggested that H2O2 can trigger and promote 

the AgNSs-to-AgNPrs shape transformation without additional reducing agents or 

capping molecules. In order to gain an insight understanding of the shape 

transformation mechanism, roles of key chemical reagents and experimental 

parameters were systematically investigated. 

 

 4.3.1 The Role of Soluble Starch   

 

 Figure 4.16 shows ATR FT-IR spectra of virgin starch, starch-stabilized AgNSs, 
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and starch-stabilized AgNPrs. The intense absorption in the region of 1200–900 cm
-1

 

is assigned to glycosidic linkage of starch bridge β C
1
–O–C

4
 (i.e., C–O, C–C 

stretching at 1163 cm
-1

, C–O–H bending at 1094 cm
-1

, and C
1
–H bending at  

1067 cm
-1

) and skeleton vibration of α-1,4 glycosidic linkage at 930 cm
-1

 [110]. The 

absorption at 3000–2800 cm
-1

 and 3600–3100 cm
-1

 are assigned to C–H and O–H 

stretching, respectively. The perfect superimposition of the spectra in Figure 4.16 

suggests that functional groups of starch were not changed during the AgNSs 

synthesis and AgNSs-to-AgNPrs transformation. Under the employed condition, 

starch did not show a sign of degradation such as a development of the absorption of 

carbonyl groups and a change of the absorption of the glycosidic linkage [110–111] 

(Figure 4.17). To make soluble starch an efficient reducing agent, the starch must 

undergo (i) acidic hydrolysis and (ii) alkaline treatment in order to induce a formation 

of degradation intermediates containing alpha-hydroxy ketone or aldehyde 

functionality. The operation must be performed under a hot alkaline solution (pH 12-

14, 80-100 
o
C) [110–111]. The sign of starch degradation is evident via the distinct 

development of the absorption centered at 1591 and 1354 cm
-1

 (as indicated by the 

pink and blue bands, respectively) assigned to asymmetric and symmetric vibration of 

the carboxylate (-COO
-
) group. Insignificant changes of the absorptions at  

1200-900 cm
-1 

of the glycosidic linkage (bridge β C
1
–O–C

4
 stretching) and the 

absorption at 939 cm
-1

 of the skeleton vibration of α-1,4 glycosidic linkage (C–O–C) 

suggest that the degradation is partial. The absorption at 1634 cm
-1

 is assigned to the 

water absorption in the amorphous starch [112].  

 

 To investigate the reducing capability of starch, we did add AgNO3 into the 

colloid of AgNSs (Figure 4.18). No change was observed even after 30 min 

incubation. This observation indicates that the as-synthesized starch-stabilized AgNSs 

colloid with a mild alkaline condition (pH 8-9) is absent of residual NaBH4 reducing 

agent while starch does not reduce the added Ag
+
. However, when NaBH4 was added, 

the increased DPR extinction at ~400 nm indicates a formation of additional AgNSs 

derived from the added AgNO3. The observed phenomena confirm that starch is not a 

reducing species in the shape transformation process. Starch functions only as a steric 

stabilizer that efficiently prevents aggregation of AgNSs and AgNPrs. In addition, 
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starch functions also as an efficient stabilizer facilitating the formation of small 

AgNSs with an average diameter less than 10 nm (Figure 4.19). 
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Figure 4.16 ATR FT-IR spectra of virgin starch, starch-stabilized AgNSs, and 

starch-stabilized AgNPrs.  
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Figure 4.17 Comparison of ATR FT-IR spectra of virgin starch and degraded 

starch. The partially degraded starch was prepared by subjecting the 

virgin starch to a consecutive acidic/alkaline treatment.  
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Figure 4.18 Plasmon extinction spectra of 3.52 mM AgNSs incubated with 0.46 

mM Ag
+
. The colloid incubated for 30 min shows no sign of change. 

However, after an addition of a trace amount of NaBH4, a sudden 

increment of the DPR at ~400 nm of AgNSs is observed.  
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Figure 4.19 TEM micrographs of AgNSs synthesized by reducing AgNO3 

solution with aqueous NaBH4 with the presence of 2% (w/v) soluble 

starch with [AgNO3] of 0.14 mM (A) and 3.71 mM (B). Larger 

AgNSs with a broader size distribution were obtained in the absence 

of starch (C) with [AgNO3] of 0.14 mM. When a 117 μL of 30% 

H2O2 was injected into a 40 mL colloid of the non-stabilized AgNSs 

(C), only the disintegration of metallic AgNSs was attained without 

any shape transformation (D). The shape transformation of starch-

stabilized AgNSs can always be triggered by an addition of H2O2 as 

shown in Figure 4.12.  
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 Since the shape transformation was performed in a weak alkaline solution (pH 8-

9), the formation of Ag2O was investigated. In order to examine whether Ag2O 

existed in the shape transformation process or not, two type of reaction media i.e. 2% 

(w/v) soluble starch and DI water with pH 10 were prepared before the injection of 

Ag
+
 having final concentration of 0.14 mM. The results are shown in Figure 4.20. 

Cloudy solution was observed only when DI water was used as the reaction medium. 

Although the solution is moderate alkaline of pH 10, starch can prohibit the formation 

of Ag2O through the coordinated bonding of Ag
+ 

with ether oxygen and hydroxyl 

groups of the starch molecules via ion-dipole interactions [113] as a clear solution 

was observed after 60 s incubation. These phenomena suggest that Ag2O does not 

exist in the shape transformation process as the oxidatively dissolved Ag
+
 ions are 

strongly complexed with starch. The complex is strong enough to inhibit the 

formation of Ag2O. As a consequence, Ag
+
 is the electron receptor in our system.  
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Figure 4.20 Experimental verification on the formation of Ag2O in 2% (w/v) 

soluble starch (A) and DI water (B) at pH 10. 

 

 When H2O2 was added to the solution of soluble starch stabilized Ag
+
, the 

orange-yellow color developed immediately. The plasmon extinction spectrum of that 
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yellow solution is shown in Figure 4.21. The characteristic DPR centered at 400 nm 

with the absorption at 220–320 nm of the interband transition suggests the formation 

of spherical silver nanoparticles. However, in the system without starch stabilizer, no 

DPR is observed in UV-visible spectra of Ag2O solution as well as its product after an 

addition of H2O2. A large amount of gas bubbles observed during the reaction was 

due to the alkaline-catalyzed decomposition of H2O2 [71]. These observations also 

suggest that H2O2 is the sole reducing agent in the shape transformation process since 

the reduction by starch under the employed conditions does not occur. 
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Figure 4.21 UV-visible spectra of Ag
+
 (A), 2% (w/v) soluble starch (B), Ag2O in 

DI water (C), Ag2O + H2O2 in DI water (D), a mixture of Ag
+
 and 

H2O2 in 2% (w/v) soluble starch solution at pH 7 (E), and yellow 

colloid from the reaction of Ag
+
 and H2O2 in 2% (w/v) soluble starch 

at pH 10 (F). 

 

4.3.2 The Role of H2O2   

  

 The principal reagent involved in the shape transformation experiment is H2O2. 

H2O2 was extensively employed as an oxidative etchant [51–54] for a selective 

dissolution of unstable facets [81] yielding seeds with planar twinned defects or 
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stacking faults parallel to {111} direction [5, 26, 83–84]. These seeds are necessary 

for the development to AgNPrs. Oxidative etching also played a role in determining 

final shape of nanocrystals by entirely destroying the energetically unfavorable seeds 

with multiply twinned defects [76–80], or sculpturing sharp corners/edges [56]. The 

reducing capability of H2O2 for metal nanostructure fabrications was addressed in 

several studies [57–61]. It is theoretically possible that H2O2 can function as both a 

facet selective etchant toward metallic Ag species and a reducing agent for ionic Ag 

species as expressed by the following equations: 

 

H2O2 as an oxidizing agent [65–68, 73]: 

 

 Ag e Ag    (E
0
 = 0.7996 V) (4.3) 

 2 2H O 2e 2HO    (E
0
 = 0.867 V) (4.4)

 2 22Ag H O 2Ag 2HO     (E
0
 = 0.068 V) (4.5) 

 

H2O2 as a reducing agent [73, 114]: 

  

 2 2 2 22H O O 2e H O 2HO      (E
0
 = -0.146 V) (4.6)

 2 2 2 2H O 2HO 2Ag 2Ag 2H O O        (E
0
 = 0.947 V) (4.7) 

 

The positive values of the electrochemical cell potential in Eq. 4.5 and Eq. 4.7 suggest 

that both reactions can occur simultaneously.  

 

 To corroborate the idea that H2O2 plays the dual functions as the oxidative 

etchant and reducing agent, a shape transformation with an addition of extra AgNO3 

was performed (Figure 4.22). When 117 μL of 30% H2O2 was added to the Ag
+
-

spiked AgNSs, a greater extinction of IPDPR at 500 nm was achieved (i.e., compared 

to the operation on AgNSs without an additional Ag
+
). The greater IPDPR at 500 nm 

due to a greater concentration of AgNPrs is attributed to the reduction of additional 

Ag
+
 by H2O2. The added Ag

+
 ions increase the concentration of metal ions necessary 

for the formation of silver atoms required for the development of AgNPrs. AgNSs 
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were etched by H2O2 as observed by the decrement of the DPR extinction at 400 nm. 

Interestingly, extents of the AgNSs etching of the two colloids are equivalent since 

the DPR extinctions at 400 nm are decreased by the same magnitude. This simple 

experiment clearly demonstrates the oxidation and reduction capabilities of H2O2 in 

the shape transformation process. H2O2 oxidatively etches AgNSs while it reduces 

Ag
+ 

to Ag atoms. The formation of AgNPrs from the dissolved Ag
+
 is evident as the 

extinction at 400 nm decreases with a concomitant development of the extinction at 

500 nm after an addition of H2O2.  
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Figure 4.22 Plasmon extinction spectra of AgNSs, AgNSs + H2O2, and Ag
+
-

spiked AgNSs + H2O2. The systems with and without added Ag
+
 

show the same degree of etching of the original AgNSs. A greater 

number of AgNPrs was generating from the system with added Ag
+
. 

The experimental parameters: AgNSs (3.52 mM, 38 mL); AgNO3 

(9.27 mM, 2 mL) or DI Water (2 mL); H2O2 (30% (w/w), 117 μL). 

  

 It has been shown by Kawazumi’s paper [53] that nanoplates are more tolerant to 

the oxidative etching of H2O2 than nanospheres. In our case, when H2O2 was injected 

to the colloidal mixture (1:1 (v/v)) of AgNSs (DPR = 400 nm) and AgNPrs (IPDPR = 

588 nm), H2O2 preferentially destroyed AgNSs while promoted the growth of AgNPrs 



66  

(Figure 4.23). DPR intensity of AgNSs is reduced indicating the oxidative dissolution 

of AgNSs. An increment in the IPDPR intensity of AgNPrs suggests an increase 

AgNPrs population. These observed phenomena are different from those shown in 

Kawazumi’s paper [53] as we employed a relatively low concentration of H2O2. As a 

result, a complete dissolution of both AgNSs and AgNPrs was not observed However, 

the original AgNPrs were also etched as indicated by the blueshift of IPDPR from  

588 nm to 570 nm.  
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Figure 4.23 Plasmon extinction spectra show a selective etching of H2O2 toward 

AgNSs. AgNSs were completely dissolved when a larger volume of 

H2O2 was employed. An evidence of sculpturing of AgNPrs is 

noticed by the blueshift of the IPDPR from 588 to 570 nm. The 

experimental conditions: AgNSs (3.71 mM, 100 mL), AgNPrs (3.71 

mM, 100 mL), H2O2 (0.5-1 mL). 

 

 Due to the facet-selective etching nature of H2O2, the expansion of energetically 

unfavourable facets was suppressed while the enlargement of {111} facet was 

promoted during the AgNPrs growth [52–53, 81]. Otherwise, we should observe the 

larger AgNSs generated from an isotropic crystal growth of the initial seeds. The 

monomeric Ag atoms necessary for AgNPrs growth were regenerated via the H2O2 
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reduction of oxidatively solubilized Ag
+ (Eq. 4.7). Half-cell potential of H2O2 (Eq. 4) 

implies its mild reducing power. The reducing capability of H2O2 is strongly 

dependent on pH (Figure 4.24), and is enhanced under a mild alkaline condition  

(pH > 8). When the reduction was performed under pH 10, a sharp and narrow DPR 

peak of AgNSs at 401 nm associated with the formation of small (less than 20 nm) 

nanoparticles was observed. Larger AgNSs were obtained at pH 9 as indicated by a 

broad DPR peak at 433 nm. Slow reduction rate at pH 9 lead to the formation of 

larger spherical nanoparticles due to the non-uniform nulceation. 
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Figure 4.24 UV-visible spectra of solutions when 0.14 mM Ag
+
 in 2% (w/v) 

soluble starch were reduced with H2O2 at various pH. The 

experimental procedure is the same as indicated in Figure 4.20 

except for the volume of 1 M NaOH injected to obtain the specified 

pH. The reduction of Ag
+
 did not occur at pH 7.  
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 The oxidation and reduction cell potentials in Eq. 4.5 (  cellE Ox ) and Eq. 4.7 

(  cellE Red ), respectively, are dependent on pH, molar concentration of Ag
+
, and 

molar concentration of H2O2 as suggested by the Nernst equations:  

 

  
2 2

cell

2 2

RT [Ag ] [OH ]
E Ox 0.068 ln

nF [H O ]

 

   (4.8) 

 

  2
cell 2 2

2 2

2 2

2 2

p(O )RT
E Red 0.947 ln

nF [Ag ] [OH ] [H O ]

RT 1
0.947 ln

nF [Ag ] [OH ] [H O ]

 

 

 

 

 (4.9) 

 

For simplicity, the pressure of oxygen gas evolved during the reaction is 

approximately set equal to 1 atm. Based on the above expressions, the difference 

between the oxidation and oxidation cell potentials can be simplified as: 

 

      cell cell cell

RT
E Diff E Ox E Red 0.879 4 ln[Ag ][OH ]

nF

       (4.10) 

 

 The oxidation cell potential is a decreasing function, while the reduction cell 

potential is an increasing function with respect to pH (Figure 4.25) and [Ag
+
] (Figure 

4.26). The oxidation and reduction cell potentials possess the positive values in the 

range of pH from 7–12 suggesting H2O2 is capable of both oxidation and reduction. 

The potential gap between oxidation and reduction reaction is narrowed down when 

pH of the solution is increased. These suggest that both reactions may competitively 

occur in alkaline medium. Under the employed condition (pH 8–9), the result of this 

concerted oxidation/reduction is the shape transformation of AgNSs to AgNPrs. 

Increasing H2O2 concentration enhances both the oxidation potential toward AgNSs 

and the reduction potential toward Ag
+
 (Figure 4.27). Interestingly, the molar 

concentration of H2O2 does not affect the potential gap since constant values of 

difference potential are observed at various pH (Figure 4.27 D). Therefore, the 

coordination of the oxidizing and reducing capabilities of H2O2 are mainly mediated 

by the alkalinity of the medium and available Ag
+
 concentration. However, this 
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conclusion is valid only at a relatively low concentration of H2O2. At a high 

concentration of H2O2, more complicated reactions of H2O2 and Ag metal may occur 

such as an autocatalytic decomposition of H2O2 on the surface of silver metal or total 

dissolution of metallic Ag species. 
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Figure 4.25 Plots of the oxidation cell potential (A), the reduction cell potential 

(B), comparison of the oxidation and reduction cell potentials (C), 

and the difference (oxidation – reduction) potential (D) as a function 

of pH. The cell potentials are calculated by Nernst equation with the 

concentrations according to those employed in the shape 

transformation process. The influence of Ag
+
 concentrations (i.e., 1, 

50, and 100 μM) are compared in (A) and (B) for the oxidation and 

reduction cell potentials, respectively. The reduction is dominant at 

high pH and/or high Ag
+
 concentration. The molar ratio R of 

H2O2:Ag
+
 is 30. The temperature is set at 301.15 K. The pressure of 

evolved oxygen gas is assumed the ambient pressure. 
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Figure 4.26 Plots of the oxidation cell potential (A), the reduction cell potential 

(B), comparison of the oxidation and reduction cell potentials (C), 

and the difference (oxidation – reduction) potential (D) as a function 

of [Ag
+
]. The calculations are performed at pH 6, 8, 10, and 12. The 

molar ratio R of H2O2:Ag
+
 is 30. The temperature is set at 301.15 K. 

The pressure of evolved oxygen gas is assumed the ambient pressure. 

 

 A low molar ratio of H2O2:AgNSs (R < 100) is deliberately employed to 

sufficiently etch AgNSs while facilitate the construction of AgNPrs without further 

destroying the in situ generated AgNPrs [81, 90]. Due to the greater instabilities of 

AgNSs toward H2O2 etching, the AgNPrs survived and remained as the sole product 

(Figures 4.23 and 4.28). An insignificant spectral change after a 3-month storage 

suggests that AgNPrs are very stable under the synthetic environment. An absent of 

the absorption at 250-270 nm indicates that H2O2 is completely consumed by the 

shape conversion process (cf. Figure 4.5). H2O2 was also consumed by the 
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autocatalytic decomposition on the surface of metallic Ag (Eq. 4.11) and 

homogeneous base-catalyzed decomposition pathways (Eq. 4.12) [66, 71]. 

 

 2 2 2 2

Ag
2H O 2H O O   (4.11) 

 2 2 2 2H O HOO H O O HO      (4.12) 
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Figure 4.27 Plots of the oxidation cell potential (A), the reduction cell potential 

(B), comparison of the oxidation and reduction cell potentials (C), 

and the difference (oxidation – reduction) potential (D) as a function 

of the molar ratio of H2O2:Ag
+
 (R). The calculations are performed at 

pH 6, 8, 10, and 12. The molar concentration of Ag
+
 is 100 μM. The 

temperature is set at 301.15 K. The pressure of evolved oxygen gas is 

assumed the ambient pressure. 
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Figure 4.28 Plasmon extinction spectra reveal the stability of AgNPrs under a 

prolong storage. The AgNPrs colloid was synthesized at the 

concentration of 3.71 mM. The colloid was stored under the ambient 

conditions without additional purification. For quantitative 

comparison, the measured colloids were diluted to 92.7 μM by 

deionized water before each measurement.  

 

 

4.3.3 The Role of AgNSs 

 

 AgNSs play two important roles in the shape transformation process. For the 

seeding role, they are the starting material for generating planar twinned seeds. The 

oxidatively modified AgNSs seeds with planar twinned defects act as the new 

nucleation sites for the homogeneous overgrowth. For the growth role, they are the 

only internal source of Ag
+
 ions and the active sites for subsequent atomic addition. 

AgNSs seeds immediately reacted with H2O2 when it was introduced into the 

colloidal suspension without the latent period compared to previous studies [51–53]. 

Small sizes of AgNSs (diameter less than 10 nm) are the principal factor for the 

lability (i.e., lower standard reduction potential [26] and
 
higher instability compared 

to the larger particles [32], and highly fluctuating crystal structures containing 

multiplicities of indeterminable defects [75–77]). Only oxidative disintegration of 
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AgNSs by H2O2 without the shape transformation was observed when non-stabilized 

AgNSs with mean diameter > 10 nm were employed (cf. Figure 4.19 D). The small 

sizes of starting AgNSs are crucial for nanoprism growth [24, 26, 31, 74]. High 

concentration of the starting AgNSs increases the collision probability of the basic 

construction units (i.e., AgNSs seeds with planar twinned defects and regenerated 

monomeric Ag atoms) and the formation of AgNPrs is promoted. The shape 

transformation was not observed in previous studies where polymer-capped AgNSs 

were employed as H2O2 sensor due to a much lesser AgNSs concentration  

([AgNS] < 0.5 mM) and neutral solution (pH 7.4) condition [81–82].  

  

4.3.4 Proposed Shape Transformation Mechanism 

 

 Epitaxial anisotropic atomic addition of regenerated Ag atoms on the etched 

seeds is involved in planar nanocrystal growth (Figure 4.29). Circular nanodisks are 

initially formed in the AgNPrs growth solution (cf. Figure 4.12 E). Continuous tip- or 

edge-addition of monomeric Ag atoms causes the enlargement of circular AgNPrs and 

subsequent formation of faceted AgNPrs i.e., hexagonal, truncated triangular, and 

rounded-tip triangular AgNPrs.  

 

             

Figure 4.29 Epitaxial growth of AgNPrs from etched AgNSs and regenerated Ag 

atoms.  

  

 In general, the AgNPrs fabrication was facilitated by the facet-specific capping 

molecules, particularly citrate (TSC), resulting in the enlargement of {111} facet [74–

76, 86]. For our system, however, when TSC was incorporated into initial AgNSs 
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colloid even with the molar ratio of TSC:AgNSs as low as 1, no appreciable 

morphological transformation was detected after the injection of H2O2 (Figure 4.30). 

When R was increased from 50 to 400, DPR intensity at 400 nm of AgNSs decreased 

without any development of a new absorption. A color change from yellow to orange-

brown with a redshift of the DPR peak position from 402 nm to 427 nm was noticed. 

The observed redshift is attributed to a formation of larger AgNSs. Moreover, at high 

R (200–400), there was a peak emerged at 250 nm attributing to the residual H2O2 

(Figure 4.5). The presence of H2O2 together with TSC complexing agent exerts a 

strong oxidizing environment. AgNSs were only oxidatively solubilized to Ag
+
 with a 

concomitant reduction of pH [68] from 8.6 (R = 0) to 3.8 (R = 400) without a 

regeneration of metallic Ag species. The etched Ag
+
 could subsequently complex with 

available citrate molecules. Ag
+
-citrate complex (Ag-TSC) was utilized as a 

controlled release agent slowing down the reaction rate and minimizing the self 

nucleation in the seed mediated growth of high aspect ratio AgNPrs [8]. A mild 

reducing action of H2O2 could not overcome the affinity of Ag
+
 toward TSC, and Ag

+
 

would not be re-reduced to monomeric Ag atoms. However, when NaBH4 was added 

to the transparent solution with R = 200, the yellow colloid was regenerated (Figure 

4.30 B). The DPR peak position at 385 nm of the re-reduced AgNSs was due to the 

stabilization by citrate ions. These results confirmed that Ag
+
 ions were generated 

from AgNSs during the H2O2 etching process. A high mole ratio R of 100 was 

required for the degradation of AgNSs to be visualized in the presence of TSC. The 

strong surface capping and passivation of citrate on metallic Ag also diminished the 

surface availability of AgNSs to be oxidatively etched by H2O2.
 
In contrast, without 

TSC, AgNSs were readily transformed to AgNPrs as indicated by the OPQPR at  

345 nm and IPDPR at 580–800 nm (Figure 4.31). TSC totally inhibits the H2O2-

induced shape transformation. Therefore, the inherent crystal defects (i.e., planar 

twinned defects and stacking faults parallel to {111} facets [5, 26, 83–84], and re-

entrant grove
 
[30, 32, 74]) presented in etched AgNSs seeds are indispensable for the 

formation and growth of AgNPrs. Because of the limited number of Ag atoms, the 

complexation between Ag
+
 and soluble starch, and the slow reduction rate of H2O2 

under the mild alkaline condition, we propose that the growth of AgNPrs undergoes 

the kinetically controlled pathway [30, 44, 46, 76, 86].  
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Figure 4.30 The effect of trisodium citrate (TSC) on the AgNPrs development at 

various molar ratio of H2O2:AgNSs (R) (A). Comparison of the 

extinction spectra of the AgNSs (1), AgNSs+TSC+H2O2 at R = 200 

with various dilution factors (2 and 3), and the suspension 3 after an 

addition of NaBH4 (4) is also shown (B). The experimental 

parameters were the same as indicated in the experimental section 

except that TSC was added to in AgNSs with the molar ratio of 

TSC:AgNSs = 1 before the injection of H2O2 solution. 
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Figure 4.31 The effect of trisodium citrate (TSC) on the AgNPrs development at 

various molar ratio of H2O2:AgNSs (R). Extinction spectra of 

AgNSs, AgNSs+H2O2, and AgNSs+TSC+H2O2 are compared in 

each panel. 

  

4.4 Morphological Evolution of AgNSs-to-AgNPrs induced by H2O2    

 

 In order to investigate the morphological evolution progress from AgNSs to 

AgNPrs, extinction spectra of the colloidal suspensions at various molar ratio of 

H2O2:AgNSs from 0–200 were systematically investigated (Figure 4.32). When shape 

conversion of AgNSs induced by H2O2 was performed, a sphere-to-prism conversion 

was visually observed via a systematic color change from yellow to red, pink, purple, 

and blue. A larger amount of H2O2 induced a greater redshift on the color of colloids. 

The virgin AgNSs colloid has a single LSPR at 400 nm with a narrow full width at 

half maximum (FWHM) of 40 nm indicating AgNSs with narrow size distribution. 
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Figure 4.32 Changes in the UV-visible spectra and the color of corresponding 

colloidal AgNPs through the structural evolution induced by the 

amount of converting reagent (H2O2). The bar indicates extinction 

intensity of 0.5 (a.u.).  

 

 When a small volume of H2O2 was added, the color of the colloid immediately 

changes from yellow to red with a concomitant decrease in LSPR peak at 400 nm. 

Moreover, two new distinct plasmonic extinction bands simultaneously develop. They 

demonstrate the destruction of AgNSs and the occurrence of AgNPrs. Extinction at 

~340 nm is associated with the transverse (out-of-plane) quadrupole oscillation, 

which directly relates to the plate aspect ratio, and another one at approximately  

500 nm is the IPDPR peak which continuously redshifts up to 600 nm as an increase 

in H2O2 concentration. The redshift implies a particle growth with an increase in 

lateral size. The direct conversion from sphere to plate was confirmed by an isosbestic 

point at ~450 nm and a complete disappearance of LSPR at 400 nm (cf. Figure 4.12). 

At this state, this observation suggests AgNSs were completely consumed and 
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transformed to only plate structure with no other shapes. At higher ratios of 

H2O2:AgNSs, a broad LSPR band centered at ~800 nm developed with a decrease in 

band intensity at 600 nm. This observation suggests a further growth of large AgNPrs 

with an expense of small nanoplates [1, 53, 54]. However, when an excessive amount 

of H2O2 was added, the plasmon band at 800 nm is decreased with a slight blueshift of 

dipole plasmon extinction at 600 nm. This observation signifies a disintegration of 

large AgNPrs. The plate disintegration was visually observed via a color change from 

blue to pale purple. 

  

4.4.1 Chemometric Analysis of the Spectrophotometric Data and Shape 

Evolution of AgNSs to AgNPrs Induced by H2O2  

 

 To propose the mechanism of the structural evolution from AgNSs to AgNPrs, it 

is necessary to accurately determine the intermediates presented during the reaction. 

To evaluate the numbers of conversion reaction steps possessing distinguished 

spectral characteristics, the spectra in form of a data matrix is subjected to factor 

analysis and the error indicator functions as summarized in Table 4.3.  

 

Table 4.3 Results of application Factor Analysis and Error Indicator functions 

on the UV-visible spectral data matrix. 

 

Factor EV
a
 Log EV

b
 EVR

c
 RSS

d
 RSD

e
 RPV

f
 

1 16856.97 4.23  2573.62 0.207 26.64 

2 1421.24 3.15 0.08 1152.38 0.138 26.64 

3 925.96 2.97 0.65 226.42 0.061 19.65 

4 166.09 2.22 0.17 60.32 0.031 20.10 

5 48.19 1.68 0.29 12.12 0.014 13.25 

6 0.88 -0.05 0.01 0.32 7.4e-4 44.77 

 

a 
Eigenvalue, 

b
 Logarithm of Eigenvalue,

 c
 Ratio of the ith eigenvalue,

 d
 Residual sum 

of square, 
e
 Residual standard deviation, 

f
 Residual percent variance 
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 In this table, the results from factor analysis functions [115] which are the 

eigenvalue (EV), the logarithm of eigenvalue (Log EV), ratio of the i
th

 eigenvalue 

(EVR) to its previous one and error indicator functions [115] which are residual sum 

of square (RSS), residual standard deviation (RSD), and residual percent variance 

(RPV) are represented. For EV, Log EV, EVR, RSS and RSD, the chemical rank is 

determined by finding the break of statistical value or the point will be flatted or 

level-off, while for RPV, the chemical rank is determined by finding the optimum 

point that gives the minimum error [115]. A large separation between the fifth and the 

sixth components is observed from functions EV, Log EV, RSS RSD and RPV, while 

EVR does not give the obvious answer. However, the majority reported statistical data 

indicates that the first 5 principal components contain systematic variances and the 

rest are corresponding to noise. This suggests that the absorbance spectra are 

represented from 5 major components. Besides, the percentage variance from only the 

major components is calculated. The first 5 major components could explain 99.9% of 

overall variances in the absorbance spectra and the remaining variance may attribute 

to the noise.  After chemical rank analysis, these performed approaches suggest that 

the most appropriate number of contributed components is 5, which means five 

different characteristics of metallic nanosilver species are produced through the 

transformation reaction. In the other words, when AgNPs are evolved, five different 

characteristic particles with distinct absorbance spectra are produced. These findings 

are supported by the investigations of the color of the solution. Slight deviation from 

spherical geometry of nanoparticles can lead to dramatic color changes (Figure 4.32). 

 

 After the number of major components in the data was determined, the next step 

is to estimate the concentration profiles and absorptivity profiles of each species. To 

obtain an initial estimate of the concentration profile and pure spectra of the detected 

species as a function of the ratio of H2O2:AgNSs, the UV-visible absorbance spectra 

are subjected to SIMPLe-to-use Interactive Self-modeling Mixture analysis Approach 

(SIMPLSMA) [36]. The basic principal of SIMPLISMA is based on discovering the 

pure variables without any provided informative clues. In this case, a pure variable is 

corresponding to a spectrum contributed from only one component of the mixture. 

Once, the pure spectra of each component are determined, the evolutional profiles in 
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the mixture spectra can be calculated.  This method was used to obtain the number of 

significant factors. The result of SIMPLISMA shows a significance systematic 

variation only for the first five factors. This represents that five different 

characteristics of nanosilver species are produced that is in good agreement with the 

results from factor analysis, and error indicator functions. The initial purest spectra 

(S0) of each specie obtained from SIMPLISMA is the spectrum at the ratios 

H2O2:AgNSs of 0, 7.5, 25, 60 and 140, respectively. Thus, the multivariate curve 

resolution alternative least squares analysis (MCR-ALS) is performed on the selected 

absorbance spectra by considering only 5 major chemical components existing in the 

evolution system. A significant application of the MCR-ALS is to extract the 

concentration profiles of the 5 major components (defined as P1-P5). The normalized 

concentration profiles of the resolved components obtained from MCR-ALS analysis 

for the five-component system are shown in Figure 4.33. 

 

0.0

1.0

0.5

R
e

la
ti

v
e

 C
o

n
c

e
n

tr
a
ti

o
n

0 50 100 150 200
H2O2:AgNSs (R)

Concentration Profile

P1

P2

P3 P4
P5 Excess H2O2

 

Figure 4.33 Relative concentration profiles of the five significant components 

(P1-P5) and corresponding color of colloid in the AgNSs-to-AgNPrs 

structural evolution induced by H2O2. 

 

 Due to the constraints, the different ratios of P5 components were selected (the 

mole ratio of 120 was selected by MCR-ALS calculation, while the mole ratio of 140 

was selected by SIMPLISMA). However, the extinction spectrum contains the similar 

plasmonic extinction spectra (Figure 4.34) and the majority of selected ratios are in 
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good agreement with the output obtained from SIMPLISMA analysis and the 

corresponding color of the colloids.  
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Figure 4.34 The UV-visible spectra of colloids with the molar ratios of 

H2O2:AgNSs at 140 and 120 for component P5 selected by 

SIMPLISMA and MCR-ALS calculation, respectively, compared to 

the calculated extinction spectra of component P5.  

 

 The shift of color from bright yellow to blue confirms the successful conversion 

from spheres to plate. At the beginning, the yellow colloid (P1) changes to red (P2) 

when the mole ratio is increased to 7.5. From the concentration profiles, the 

component P2 has short lifetime. The transformation of P2 to P3 corresponds to the 

development of the blue colloid. The development of P4 from P3 was not obviously 

detected from the color of the colloid. However, chemometric analysis could clearly 

differentiate the structural change numerically. The structural conformation of these 

components according to the numerical differentiation was later confirmed by TEM 

measurements. The color converted from blue to purple as the development of 

component P5. This result cannot be directly explained from only the concentration 

profile, but we will later elaborate the benefit of pure extracted spectrum in the next 

section. In this work, size and shape of particle were grown by an addition of H2O2. 

On the contrary, some reports [52, 54] show that excess H2O2 can be used to etch 
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nanoparticles to obtain the desired structures. Therefore, with an excess H2O2 (at the 

mole ratio of H2O2:AgNSs greater than 140), the etching process might outperform 

the growth process. The component P5 was etched and decomposed into components 

P2 and P4 and the colors are mixed by those of components P2 (red) and P4 (blue) 

which represents as purple. The unity nanoparticle conversion (AgNSs is solely 

converted to AgNPrs) in the synthesis was proven by the addition of a reducing agent 

(NaBH4) into Ag colloids as shown in Figure 4.35. Two colloids (initial AgNSs 

colloid and one of AgNPrs colloid) were chosen to demonstrate this situation. If Ag
+
 

ion remains in the colloids, the intensity in extinction spectra (at 400 nm) will 

increase. In Figure 4.49, only small blueshift with a little decrease in the intensity can 

be observed after the addition of NaBH4 in both AgNSs and AgNPrs colloids, which 

can be explained by the aggregation/deaggregation of Ag nanoparticles due to the 

electrical stabilization of BH
4-

 [88]. Any increase in the intensity cannot be noticed. 

Furthermore, the colloids with existing Ag ions were simulated by adding small 

amount of Ag
+
 (5 ppm) into the original one. Then, the Ag

+
-spiked colloids were 

added by NaBH4. The results show an increase in the intensity at ~400 nm in spectra 

of both cases, which indicates the generation of new Ag nanospheres. From these 

results, we believe that the unity nanoparticle yield in our procedures is demonstrated 

at the measurement time.  
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Figure 4.35  Extinction spectra of the AgNSs and AgNPrs after the addition of 

extra Ag
+
 and/or a reducing agent (NaBH4).  
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 Another important information obtained from MCR-ALS calculation is the pure 

spectra of those significant components which contain the unique plasmonic 

extinction corresponding to the characteristics of the particular shape and size. To get 

an insight understanding on the shape transformation, the morphologies of the 

predicted components were revealed using TEM analysis. The TEM images of each 

component must be accurately compatible with their pure spectra in order to confirm 

that the detected structures are the major morphologies dispersed in the colloids. The 

corresponding pure spectra of each component are illustrated in Figure 4.36. The 

overall morphological evolution from AgNSs to AgNPrs with respect to increasing 

molar ratios of H2O2:AgNSs from 0 to 200 is depicted in Figure 4.37. 
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Figure 4.36  Resolved pure spectra of the five distinct chemical components (P1–

P5).  

 

 Based on the progressive plasmon extinction spectra (Figure 4.32), chemical 

rank analysis (Table 4.3), relative concentration profile (Figure 4.33), extinction 

spectra of pure components (Figure 4.36), and morphological analysis of TEM 

micrographs (Figure 4.37), we can now propose the AgNSs-to-AgNPrs structural 

evolution. The morphological evolution can be divided into 3 states: AgNSs-to-

AgNPrs transformation (P1, P2, and P3), AgNPrs-to-AgNPrs reformation (P3, P4, 

and P5), and disintegration (P2, P4, and P5).  
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Figure 4.37 TEM micrographs showing the morphological evolution of AgNSs to 

AgNPrs at various molar ratios of H2O2:AgNSs from 0 (seeds) to 

200. The pure components corresponding to the Figure 4.50 are also 

indicated.   
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Figure 4.38 Schematic diagram showing the transformation from AgNSs (P1) to 

AgNPrs (P3).   

 

 In the first state (Figure 4.38), after addition of H2O2 to AgNSs (P1; H2O2:AgNSs 

= 0), spherical nanoparticles (Figure 4.37 A) are rapidly transformed into nanoprisms 

with quasi-spherical profile (P2; H2O2:AgNSs = 7.5; Figure 4.37 B). Spherical 

nanoparticles are preferentially etched by H2O2, while short-lived circular nanoprisms 

played a role as new nucleation sites for epitaxial atomic addition of Ag atoms 

generated from H2O2-reduced Ag
+
. The lateral enlargement is continued as 

H2O2:AgNSs increases until the spherical nanoparticles and circular nanoprisms are 

exhausted (Figure 4.33). This results in the formation of AgNPrs pure component P3 

(H2O2:AgNSs = 25). 

 

 In the second phase (Figure 4.39), P4 is gradually developed from P3. AgNPrs 

undergo the oriented attachment growth pathway [116–119] as evidenced in the TEM 

micrograph (Figure 4.37 E, blue circles). In addition, AgNPrs with jagged edge are 

observed when H2O2:AgNSs increases to 90 (Figure 4.37 F, yellow arrows). The 

consumption of P4 for constructing P5 is evidenced in the decrement of plasmon 

extinction intensity at 600 nm and gradual increment of plasmon extinction intensity 

at 800 nm. In addition, relative concentration of P4 is gradually decreased when 

H2O2:AgNSs increases from 60 to 140 in concomitant with the development of P5. 

Oriented attachment growth of AgNPrs continues until the complete development of 

the pure component P5 (H2O2:AgNSs = 140; Figure 4.37 H). However, prism growth 

may also develop via the Ostwald ripening pathway since small spherical particles are 

observed in the TEM micrographs (Figures 4.37 G and H). 
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Figure 4.39 Schematic diagram showing AgNPrs (P3)-to-AgNPrs (P4 and P5) 

reformation through Ostwald ripening and oriented attachment 

pathways. The oxidative etching pathway (H2O2:AgNSs > 140) is 

also indicated.   

 

 In the third state (Figure 4.39, oxidative etching) when H2O2:AgNSs is more 

than 150, the disintegration of AgNPrs begins to dominate. Many small nanoparticles 

with spherical profiles are observed (Figures 4.37 J–L). These small nanoparticles are 

associated with the pure component P2 as its relative concentration is increased 

(Figure 4.33). AgNPrs with similar characteristic of the pure component P4 are 

observed in the TEM micrographs in corresponding with increasing relative 

concentration in the concentration profiles. AgNPrs are laterally disintegrated by 

H2O2. The mixture of P2 (red color) and P4 (blue color) is reflected through the vivid 

violet color of the resulted colloid (H2O2:AgNSs > 170). 

 

4.5 Influences of Experimental Parameters and Optical Tunability    

 

 Due to the spontaneous, exothermic, and violent natures of the H2O2-induced 

AgNSs-to-AgNPrs transformation reaction, the growth of AgNPrs and their LSPR 

property are expected to be highly sensitive to the experimental conditions. Three 
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experimental parameters i.e., initial AgNSs concentration ([AgNSs]), H2O2 flow rates 

(F(H2O2)), and mixing efficiency (or disperser speed (Ds)) were investigated.  
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Figure 4.40 Effects of initial AgNSs concentration, H2O2 injection rates 

(mL/min) (A and B) and disperser speed (revolutions/min (rpm)) (C 

and D) on the formation of AgNPrs. [AgNSs] were 3.71 mM and 

8.34 mM. The molar ratio R was 40. The initial volume of AgNSs 

colloid was 200 mL. In A and B, the disperser speed was set at 15k 

rpm while the injection rates were varied as indicated. In C and D, 

the injection rate was set at 30 mL/min while the disperser speed was 

varied as indicated.  

 

 Figure 4.40 shows the influences of [AgNSs], F(H2O2), and Ds on the formation 

of AgNPrs. [AgNSs] is directly proportional to the amount of AgNPrs constructing 

units (i.e., planar twinned seeds and solubilized Ag
+
 ions). AgNPrs with longer 

IPDPR wavelengths (i.e., AgNPrs with larger lateral dimensions) were obtained when 

higher [AgNSs] was employed for various F(H2O2) and Ds (Figures 4.40 A–D and 
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Figures 4.41 A and D). [AgNSs] is the primary parameter for controlling dimensions 

and IPDPR of AgNPrs. Higher [AgNSs] also leads to the formation of AgNPrs with 

larger size distribution as evidenced in the larger full-width at half-maximum 

(FWHM) (Figures 4.41 C and F). 

 

 F(H2O2) determines the available concentration of H2O2 for the shape 

transformation process. AgNPrs with longer IPDPR wavelengths were obtained when 

higher F(H2O2) was employed (Figures 4.40 A and B and Figure 4.41 A). A greater 

H2O2 concentration promotes larger extent of AgNSs solubilization. Therefore, it is 

possible that fewer nucleation sites are available for AgNPrs growth leading to the 

formation of larger AgNPrs. At higher [AgNSs] of 8.34 mM, faster H2O2 injection 

rates lead to the formation of AgNPrs with larger size distribution as observed in the 

increasing FWHM (Figure 4.41 C). F(H2O2) did not significantly affect the size 

distribution at [AgNSs] of 3.71 mM. However, when F(H2O2) was less than 5 

mL/min, an abrupt decrease in IPDPR intensities with an increase in FWHM were 

observed for both [AgNSs] (Figures 4.41 B and C).  

 

 Disperser speed (Ds) directly affects the local H2O2 concentration in the growth 

environment during the shape transformation process. High performance disperser 

was employed in order to rapidly achieve a uniform H2O2 distribution. It also assists 

the diffusion of H2O2 to the surface of AgNSs. The disperser speed did not 

significantly affect the lateral dimensions of obtained AgNPrs at [AgNSs] of 3.71 mM 

since the minor change of IPDPR position was observed when Ds increased from 5k 

to 20k rpm (Figure 4.40 C and Figure 4.41 D). Local H2O2 concentration greatly 

affects AgNSs consumption and growth at higher [AgNSs] of 8.34 mM. Residual 

DPR peak of AgNSs was observed when slow Ds was employed suggesting 

incomplete consumption of AgNSs during AgNPrs growth (Figure 4.40 D). 

Increasing Ds greatly improves AgNPrs yield and size distribution as observed in the 

stronger IPDPR intensities and narrower FWHM at both [AgNSs] (Figures 4.41 E and 

F).  
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Figure 4.41  The effect of initial AgNSs concentration, H2O2 injection rates 

(F(H2O2)) (A–C) and disperser speed (Ds) (D–F) on IPDPR peak 

characteristics of AgNPrs: peak position (A and D), intensity (B and 

E), and full width at half maximum (FWHM) (C and F). Initial 

AgNSs concentrations were 3.71 mM and 8.34 mM. The 

experimental parameters are the same as indicated in Figure 4.40. 

 

 Upon a careful optimization of experimental parameters (i.e., [AgNSs], the mole 

ratio R, F(H2O2), and Ds) LSPR of the synthesized AgNPrs can be selectively tuned 

across the entire visible to near infrared (NIR) region (i.e., from 461 nm to 830 nm, 

Figure 4.42 and Table 4.4). The IPDPR of synthesized AgNPrs were redshifted from 
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461 nm to 830 nm, while the OPQPR were gradually blueshifted from 346 nm to 335 

nm due to an increment of the aspect ratio [20, 22]. 
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Figure 4.42 The photograph, plasmon extinction spectra, and TEM images of 

AgNSs (S) and the optically-tunable AgNPrs (1–13). The IPDPR 

peak positions (nm) of AgNPrs are also indicated. 



91  

Table 4.4 The optimal experimental parameters for synthesizing AgNPrs 

corresponding to the extinction spectra in Figure 4.42. AgNSs 

colloid of different concentration requires different concentration of 

H2O2 to optimally tune the LSPR wavelength across the visible 

region with a complete conversion of AgNSs to AgNPrs. A greater 

mole ratio R is required for a colloid with a greater concentration of 

AgNSs. A greater redshift of the IPDPR was obtained when colloid 

with a greater concentration of AgNSs was employed.  

 

Exp No. 
AgNSs 

Concentration 
H

2
O

2
:AgNS

 

(mole ratio) 

H
2
O

2  
Flow 

Rates 

(mL/min) 

OPQPR 

Wavelength 

(nm) 

IPDPR 

Wavelength 

(nm) 
1 
2 

100 ppm 
(0.927 mM) 

20 
5 

25.22 
346 
342 

461 
487 

3 
200 ppm 

(1.854 mM) 20 10.09 341 500 

4 
300 ppm 

(2.781 mM) 
20 5.045 339 535 

5 
400 ppm 

(3.708 mM) 
30 13.45 338 557 

6 
500 ppm 

(4.635 mM) 
30 18.92 337 592 

7 
600 ppm 

(5.562 mM) 
40 22.70 336 617 

8 
700 ppm 

(6.489 mM) 
40 35.31 336 637 

9 800 ppm 
(7.416 mM) 

40 40.36 336 652 

10 
900 ppm 

(8.344 mM) 
40 56.75 336 670 

11 
1000 ppm 

(9.270 mM) 
50 68.79 336 700 

12 
1100 ppm 

(10.198 mM) 
70 69.36 335 759 

13 
1200 ppm 

(11.125 mM) 
90 70.66 335 830 
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Figure 4.43 TEM micrographs of AgNPrs aligned edge-on to the electron beam. 

The sample numbers is corresponding to the extinction spectra of 

Figure 4.42. The out-of-plane quadrupole plasmon resonance 

(OPQPR) wavelengths are indicated. 

 

 The AgNPrs exhibited mixed geometries with average bisector lengths in the 

range of 30 to 120 nm (see TEM micrographs of Figure 4.42) The thickness of 

AgNPrs were in the range of 13 to 18 nm (Figure 4.43). The enlargement of the lateral 

length from 25 nm to 120 nm was also observed when the [AgNSs] increased (TEM 

micrographs of Figure 4.44). Total disappearance of the DPR at 400 nm suggests that 

AgNSs are 100% transformed to AgNPrs. The complete shape transformation without 

leaving any residual AgNSs/Ag
+
 was already confirmed (Figure 4.35). 

 

4.6 Applications of “Blue” AgNPrs in Antiseptic Wound Dressing 

 

 One of the interesting applications of AgNPrs is a colorful antibacterial agent. 

“Blue AgNPrs” (Figure 4.42 13) exhibit antibacterial activities against various tested 

bacteria (Tables 4.5–4.9 and Figure 4.44) with the minimum inhibition concentration 

of 5 ppm. Their beautiful blue color also reflects the sense of cleanness and safeness 

when applying in hygienic and antiseptic products.     
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Table 4.5 Antibacterial activity of “Blue” AgNPrs against E. coli. 

 

Sample 

E. coli 

CFU/mL 
% Reduction 

0 hr. 24 hr. 

Control (DDW) 2.40 x 10
6
 1.00 x 10

6
 58.333 

Ag nano 1 ppm 2.40 x 10
6
 < 1.0 x 10

1
 99.999 

Ag nano 2.5 ppm 2.40 x 10
6
 < 1.0 x 10

1
 99.999 

Ag nano 5 ppm 2.40 x 10
6
 < 1.0 x 10

1
 99.999 

Ag nano 10 ppm 2.40 x 10
6
 < 1.0 x 10

1
 99.999 

Ag nano 20 ppm 2.40 x 10
6
 < 1.0 x 10

1
 99.999 

 

 

Table 4.6 Antibacterial activity of “Blue” AgNPrs against S. aureus. 

 

Sample 

S. aureus 

CFU/mL 
% Reduction 

0 hr. 24 hr. 

Control (DDW) 4.31 x 10
6
  2.65 x 10

6
 38.515 

Ag nano 1 ppm 4.31 x 10
6
    1.0 x 10

1
 99.999 

Ag nano 2.5 ppm 4.31 x 10
6
 < 1.0 x 10

1
 99.999 

Ag nano 5 ppm 4.31 x 10
6
 < 1.0 x 10

1
 99.999 

Ag nano 10 ppm 4.31 x 10
6
 < 1.0 x 10

1
 99.999 

Ag nano 20 ppm 4.31 x 10
6
 < 1.0 x 10

1
 99.999 

 

Table 4.7 Antibacterial activity of “Blue” AgNPrs against methicillin-resistant 

S. aureus (MRSA). 

 

Sample 

MRSA 

CFU/mL 
% Reduction 

0 hr. 24 hr. 

Control (DDW) 1.02 x 10
7
 8.40 x 10

6
 17.647 

AgNPrs 1 ppm 1.02 x 10
7
 4.15 x 10

2
 99.995 

AgNPrs 2.5 ppm 1.02 x 10
7
 < 1.0 x 10

1
 99.999 

AgNPrs 5 ppm 1.02 x 10
7
 < 1.0 x 10

1
 99.999 

AgNPrs 10 ppm 1.02 x 10
7
 < 1.0 x 10

1
 99.999 

AgNPrs 20 ppm 1.02 x 10
7
 < 1.0 x 10

1
 99.999 
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Table 4.8 Antibacterial activity of “Blue” AgNPrs against A. baumannii. 

 

Sample 

A. baumannii 

CFU/mL 
% Reduction 

0 hr. 24 hr. 

Control (DDW) 2.26 x 10
6
 1.54 x 10

6
 31.858 

Ag nano 1 ppm 2.26 x 10
6
 < 1.0 x 10

1
 99.999 

Ag nano 2.5 ppm 2.26 x 10
6
 < 1.0 x 10

1
 99.999 

Ag nano 5 ppm 2.26 x 10
6
 < 1.0 x 10

1
 99.999 

Ag nano 10 ppm 2.26 x 10
6
 < 1.0 x 10

1
 99.999 

Ag nano 20 ppm 2.26 x 10
6
 < 1.0 x 10

1
 99.999 

 

Table 4.9 Antibacterial activity of “Blue” AgNPrs against P. aeruginosa. 

 

Sample 

P. aeruginosa 

CFU/mL 
% Reduction 

0 hr. 24 hr. 

Control (DDW) 1.80 x 10
7
 5.35 x 10

6
 70.278 

Ag nano 1 ppm 1.80 x 10
7
 7.10 x 10

2
 99.996 

Ag nano 2.5 ppm 1.80 x 10
7
 1.80 x 10

2
 99.999 

Ag nano 5 ppm 1.80 x 10
7
 < 1.0 x 10

1
 99.999 

Ag nano 10 ppm 1.80 x 10
7
 < 1.0 x 10

1
 99.999 

Ag nano 20 ppm 1.80 x 10
7
 < 1.0 x 10

1
 99.999 

 

  

 Due to the high efficiency in antibacterial activities and the possibility of the 

mass-scale production of “Blue” AgNPrs, the licenses for production and 

characterization methods have been transferred to Novatec Healthcare, Co., Ltd. 

Novatec Healthcare is the Thai company dealing with medical devices and 

pharmaceutical products.  
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Figure 4.44 Antibacterial activities of “Blue” AgNPrs against E. coli (A), S. 

aureus (B), methicillin-resistant S.aureus (MRSA) (C), A. baumannii 

(D), and P. aeruginosa (E). The symbol “X” represents the bacterial 

colony forming units (CFU/mL) after the incubation with AgNPrs 

for 24 hours.  

 

 In particular, Novatec Healthcare applies the “Blue” AgNPrs for integrating in 

the moist wound dressing (Figure 4.45). The wound dressing mainly composes of 

nanobiocellulose fibers. The nanofibers are produced from bacterium Acetobacter 
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xylinum (Figure 4.46 B). The bacteria are cultivated in the cultured medium mainly 

composed of Oryza sativa L., one of the Thai rice species (Figure 4.46 A). Entangling 

nanobiocellulose network is constructed from the primary nanofibers with average 

diameter of 80–100 nm (Figure 4.47 A). When “Blue” AgNPrs were immobilized in 

the entangling network, they were uniformly distributed and physically adsorbed onto 

the nanobiocellulose fibers (Figure 4.47 B).    

  

 

Figure 4.45 Moist antiseptic wound dressing products (BluRibbon
TM

, 

BluMembrane
TM

, and BluTulle
TM

) offered by Novatec Healthcare 

Co., Ltd. 

 

 

A B

 

Figure 4.46 Oryza sativa L. (A) and bacterium Acetobacter xylinum (B). 
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A: Pure NanoBioCellulose B: NanoBioCellulose & BlueNanoSilver

1 μM 1 μM

 

Figure 4.47 SEM micrograph of virgin nanobiocellulose fibers (A) and “Blue” 

AgNPrs-immobilized nanobiocellulose fibers (B).  

  

 Nanobiocellulose wound dressing exhibit superior properties for accelerating 

wound recovery including: (1) maintain moist wound environment; (2) possess auto-

debridement activity; (3) significantly reduce pain and inflammation; (4) easy and 

painless removal;  (5) thin, tough, but gentle to wound bed; (6) nontoxic, 

nonpyrogenic, and biocompatible; etc. 

 

 The extraordinary property of the developed Blue AgNPrs-immobilized wound 

dressing is the on-demand releasing of nanosilver. In addition, the blue color 

represents its action indicator.  Blue color will be faded-off and turned to yellow 

automatically due to the disintegration of AgNPrs to Ag
+
 during the antibacterial 

action. This feature greatly assists the decision making of the doctors and nurses for 

appropriate interval of the new dressing (Figure 4.48). 

   

 The BluRibbon
TM

 wound dressing was clinically proved effective for cavity 

wounds (Figure 4.49), dog bite wounds (Figure 4.50), diabetic callus wounds (Figure 

4.51), and other acute and chronic wounds.  
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Figure 4.48 Self-indication property of BluRibbon
TM

 on the treatment of cavity 

wound. 
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Figure 4.49 Clinical trial for BluRibbon
TM

 on the treatment of cavity wound. 

 

 

6 days
debride & suture

5 days
wet dressing  

Figure 4.50 Clinical trials for BluRibbon
TM

 on the treatment of dog bite wounds. 
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Self dressing7 mo.
SSD Cream

Self dressing6 wk.
wet dressing

 

Figure 4.51 Clinical trials for BluRibbon
TM

 on the treatment of diabetic callus 

wounds. 

 



   

CHAPTER V 

 

CONCLUSIONS 

 

 The utilization of reduction capability of H2O2 under its oxidative environment is 

never been reported, albeit the employment of H2O2 in this kind of reaction is not 

new. This unique feature exists only under a small window of experimental design.  

We have found and explored this window. Moreover, our process is simpler, faster, 

the reaction occurs without a latent period. This work is novel with a creative 

application of H2O2 as the reducing agent under its own oxidative environment. In 

addition, spectrophotometric method combined with the chemometric analysis of 

plasmon extinction spectra has a potential to reveal the structural evolution process as 

observed by surface plasmon resonance phenomena.  The evolution profiles show that 

the spherical Ag particles were systematically evolved into plate structures of 

different sizes. The larger nanoplates were obtained when higher concentration of 

H2O2 was employed. An evidence of nanoplate disintegration was observed when the 

large amount of H2O2 was employed. The predicted structural morphologies of each 

component given by chemometric calculation were in excellent agreement with those 

observed by transmission electron microscope (TEM) images. 

 

 We have explored some unique features that have not been mentioned before in 

other AgNPrs synthesis utilizing H2O2 including:  

 (i)  The shape transformation process is starting with metallic nanosilver 

species (AgNSs) instead of solubilized Ag
+
. Soluble starch, a steric 

stabilizer, is utilized as the sole stabilizer for AgNSs without employing 

any additional surface binding ligand e.g. citrate and PVP. 

 (ii)  The shape transformation process is initiated after H2O2 is injected into 

AgNSs colloid. The total dissolution of nanometallic Ag to Ag
+
 by 

oxidative etching of H2O2 and the final injection of strong reducing agent 

e.g. NaBH4 to initiate the prism growth are not necessary. 
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 (iii)  Additional Ag
+
 is not required. AgNSs plays the role both as new 

nucleation site after modification with H2O2 and solubilized Ag
+
 source 

(as a consequence from the etching process). 

 (iv)  H2O2 plays the role of reducing agent in our system. Additional reducing 

agent is not required in our system. 

 (v)  Oxidation and reduction capabilities of H2O2 are coordinated through the 

optimization of pH of the reaction medium. H2O2 plays both roles under 

the same experimental condition, but not the same Ag species. H2O2 

exhibits the oxidizing function when reacted with metallic Ag. It functions 

as reducing species when reacted with the available Ag
+
. 

 (vi)  Capping agents are not required for promoting the anisotropic growth. 

 (vii)  Particle evolution process is proposed based on the experimental 

evidences and the theoretical calculations. 

 

5.1 Chemical Shape Transformation of AgNSs-to-AgNPrs triggered by H2O2 

 

A practical procedure for a morphological transformation of AgNSs to AgNPrs 

utilizing H2O2 is demonstrated. The spontaneous transformation was initiated by 

feeding H2O2 into starch-stabilized AgNSs colloid without additional silver ions, 

reducing agents, and capping agents. AgNSs function as the planar twinned seed 

supplier and internal Ag
+
 source. The small diameter of AgNSs is one of the crucial 

factors for the shape transformation to be possible. Starch is employed as the sole 

steric stabilizer for AgNSs and AgNPrs. It does not function as a reducing agent under 

our experimental conditions as confirmed by FT-IR spectroscopy. Complexation 

between starch and Ag
+
 prevents the formation of Ag2O under a mild alkaline 

condition. H2O2 functions as a facet-selective etchant toward metallic Ag species and 

as reducing species toward Ag
+
 (under the same experimental condition). Mild 

reducing capability of H2O2 and limited number of Ag atoms mediated by Ag
+
-starch 

complex exert the kinetically controlled growth for AgNPrs development. The 

inherent defects presented in the oxidatively etched AgNSs govern the development 

of planar nanostructure. In our protocol, citrate prohibited the AgNSs-to-AgNPrs 

transformation.  
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The transformation reaction is spontaneous and rapid. The reaction progress can 

be visualized in real time with naked eyes via the color change of the colloidal 

suspension after the addition of H2O2. The initial AgNSs concentration, H2O2:AgNSs 

mole ratio, H2O2 injection rate, and mixing efficiency are the key parameters for 

selective tuning the optical properties, improving the yield and size monodispersity of 

the AgNPrs. Highly concentrated AgNPrs (0.9–11 mM) with controllable IPDPR 

from the visible to NIR region can be synthesized. The synthesized AgNPrs are stable 

under the prolonged storage of at least 3 months. Our findings demonstrate the 

phenomena on pH-mediated coordination of the oxidative facet selective etching, 

mild reducing capability, and decomposition reaction of H2O2 for manipulating the 

metallic crystal at the nanoscale. We hope that our observations will stipulate the 

exploitation of H2O2 as a shape-controlling agent in the fabrication of more complex 

nanostructures. 

  

5.2 Chemometric Analysis of Spectroscopic Data on AgNSs-to-AgNPrs Shape 

Evolution Induced by Hydrogen Peroxide 

 

 The study on the shape evolution of metal nanoparticles (MNPs) is crucial to gain 

an understanding on controlling the shape and size of metal nanostructures. The 

evolution process of Ag sphere-to-plate induced by hydrogen peroxide was revealed 

by chemometric analysis of the UV-visible plasmonic extinction spectra. The number 

of major components contributed in the evolution systems was accurately determined, 

as confirmed by TEM measurement. By MCR-ALS analysis, the concentration profile 

provides the exact experimental conditions to be selected for further structural 

investigation. Five major components attributed to the different particle shapes and 

sizes were theoretically predicted. The characteristic of size and shape (sphere and 

plate) were revealed by the pure spectra which are interpreted according to the results 

obtained by an image analysis. The shape transformation of AgNSs to AgNPrs 

induced by H2O2 can be divided into 3 states, namely, the AgNSs-to-AgNPrs 

transformation, AgNPrs-to-AgNPrs reformation, and disintegration. However, to 

chemometricallly discriminate the different plate morphologies (e.g. circular disc, 

triangular, truncated triangular, hexagonal, and polygonal), the selective synthetic 
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experiments are required. The results from the calculated evolution profiles were in 

good agreement with the observed TEM images. The procedure was powerful and 

accurate which exhibits all hidden information without a requirement of extensive 

laboratory measurements. Because of the simplicity, the low operating cost, and the 

rapid spectrophotometric measurements, the proposed procedure opens up a new 

insight to the study of metal nanoparticle evolution. Moreover, using this technique in 

the synthesis of MNPs opens a great opportunity to investigate the kinetics of detailed 

reactions. Time-dependent extinction spectra of MNPs during the synthesis could also 

be analysed by MCR-ALS to obtain the concentration profiles against reaction time, 

and their kinetics and elementary processes could be reliably proposed.  

 

5.3 Application of AgNPrs on Antiseptic Medical Devices   

 

 “Blue AgNPrs” exhibit antibacterial activities against various tested bacteria with 

the minimum inhibition concentration of 5 ppm. In cooperation with Novatec 

Healthcare Co., Ltd., we have developed the moist wound dressing integrating the 

Engineered NanoSilver Technology and NanoBioCelluose Technology. The 

developed wound dressings (BluRibbon
TM

) have been clinically proved effective for 

various severe, acute, and chronic wounds. The developed wound dressing exhibits 

the extraordinary properties on accelerating wound recovery and self-indicating 

system. The development of the novel wound dressing significantly represents the 

milestone of Nanomedicine in Thailand. 
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