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ABSTRACT 

This thesis concerns the synthesis, etching, and Rayleigh scattering of gold-silver 

alloy nanoparticles. We report a novel two-step method for the synthesis of uniform quasi-

spherical and monodisperse gold-silver alloy nanoparticles with diameters around 80 nm. 

Our method makes use of gold acetate (rather than chloroauric acid) as a gold precursor 

to avoid the formation of silver chloride precipitates during synthesis. Gold and silver are 

distributed uniformly within the cores of all Au-Ag alloy nanoparticles, while the surface is 

enriched in silver. This silver enriched surface layer is thicker and more prominent for 25% 

Au alloy nanoparticles than for 50% and 75% Au alloy nanoparticles.  

Inspired by previous work studying the mechanism of photo-mediated triangular 

silver nanoprism growth, where the oxidative dissolution of small silver particles was 

facilitated by Bis(p-sulfonatophenyl)phenylphosphine dihydrate dipotassium (BSPP), we 

investigate silver etching of our alloy nanoparticles. Our measurements show that a novel 

nanostructure is formed after etching where smaller nanoparticles are deposited on the 

surface of gold-silver alloy nanoparticles. 

Finally, we present some preliminary results of Rayleigh scattering measurements 

on our synthesized gold-silver alloy nanoparticles with dark-field hyperspectral 

microscope at the individual nanoparticle level. This study is at a very early stage and 

aims at investigating how uniform our alloy nanoparticles are with respect to element 

distributions in order to understand their plasmonic properties. 
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RÉSUMÉ 

Cette thèse concerne la synthèse, la gravure et la diffusion Rayleigh de 

nanoparticules d'alliage Au-Ag. Nous rapportons une nouvelle méthode en deux étapes 

pour la synthèse de uniformes nanoparticules d'alliage Au-Ag quasi-sphériques et 

monodisperses avec des diamètres d'environ 80 nm. Notre méthode utilise l'acétate d'or 

(plutôt que l'acide chloroaurique) comme précurseur d'or pour éviter la formation de 

précipités de chlorure d'argent lors de la synthèse. L'or et l'argent sont répartis 

uniformément dans les noyaux de toutes les nanoparticules d'alliage Au-Ag, tandis que 

la surface est enrichie en argent. Cette couche de surface enrichie en argent est plus 

épaisse et plus proéminente pour les nanoparticules d'alliage à 25 % Au que pour les 

nanoparticules d'alliage à 50 % et 75 % Au. 

Inspirés par des travaux antérieurs étudiant le mécanisme de la croissance de 

nanoprismes d'argent triangulaires photomédiés, où la dissolution oxydative de petites 

particules d'argent était facilitée par le Bis(p-sulfonatophenyl)phenylphosphine dihydrate 

dipotassium (BSPP), nous étudions la gravure de l'argent de nos nanoparticules d'alliage 

Au-Ag. Nos mesures montrent qu'une nouvelle nanostructure se forme après la gravure 

où des nanoparticules plus petites sont déposées à la surface des nanoparticules 

d'alliage Au-Ag. 

Enfin, nous présentons quelques résultats préliminaires de mesures de diffusion 

de Rayleigh sur nos nanoparticules d'alliage Au-Ag synthétisées avec un microscope 

hyperspectral à fond noir au niveau des nanoparticules individuelles. Cette étude est à 

un stade très précoce et vise à étudier l'uniformité de nos nanoparticules d'alliage en ce 
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qui concerne les distributions d'éléments afin de comprendre leurs propriétés 

plasmoniques. 
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Chapter 1. General introduction  

  

1.1 Plasmons of nanoparticles 

Plasmons are collective oscillations of free electrons in metals1. According to the 

Fermi liquid model, plasmons can be described as a negatively charged electron cloud 

coherently displaced from its equilibrium position around a lattice made of positively 

charged ions, in analogy to a real plasma2. The plasmons in metals can be classified as 

bulk plasmon (from bulk metal), propagating surface plasmon polaritons (from metal 

surfaces) and localized surface plasmons3 (from metallic nanoparticles). Nanoparticles 

are defined as particles composed of a certain number of atoms ranging from 3 to 107 

and they feature properties that are neither those of molecules nor those of the bulk 

material4. Plasmons in nanoparticles with sizes much smaller than the photon wavelength 

are non-propagating excitations, called localized surface plasmons, because the resulting 

plasmon oscillation is distributed over the whole particle volume3 (Figure 1). Only light 

with frequency in resonance with the collective oscillations of free electrons is able to 

excite the localized surface plasmon1. The plasmon resonance of nanoparticles has 

generated enormous scientific interest, including in biological microscopy5, medicine6, 

and sensors7. 
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Figure 1. Schematic of plasmon oscillation for a spherical nanoparticle, showing the 

displacement of the conduction electron charge cloud relative to the nuclei8. Reprinted 

with permission from8.  Copyright (2003) American Chemical Society. 

 

As the coherent displacements of electrons from the positively charged lattice 

generates a restoring force that pulls the polarized electrons back to the lattice, the 

plasmons in nanoparticles can be considered as a mass-spring harmonic oscillator driven 

by the energy of resonant light wave3. Measuring the extinction spectra of plasmonic 

nanoparticles is commonly used to study their properties and the extinction intensity is 

composed of scattering intensity and absorption intensity. Based on Mie theory for a 

plasmonic nanosphere, the extinction cross section could be expressed as4: 

𝐶𝑒𝑥𝑡 =
24𝜋2𝑅3𝜀𝑚

2/3

𝜆
 

𝜀2

(𝜀1 + 2𝜀𝑚)2 +  𝜀2
2 

where R is the radius of particles, 𝜆 is the light wavelength, 𝜀𝑚 is the dielectric constant of 

the non-absorbing surrounding medium, and 𝜀 is the nanoparticle’s complex dielectric 

function: 𝜀 =  𝜀1 + 𝑖𝜀2 . From the equation above, it is apparent that the dielectric constant 

(𝜀𝑚 ) of the surrounding medium plays a predominant role in determining both the plasmon 

peak position and intensity4 because the extinction cross section’s quantity reaches a 

maximum for 𝜀1 =  −2𝜀𝑚  9 and 𝜀  is dependent on the frequency of incident light. 

Secondly, the increase in nanoparticle diameter not only leads to an increase in plasmon 

resonance intensity, but also to a red-shift of the plasmonic band position in noble 

metals10 since R modifies the expression of the dielectric constant of the metal4. Lastly, 
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core-shell nanoparticles’ spectral characteristics can be efficiently treated with the Mie 

model11 while alloy nanoparticles’ can not be predicted by this model12. For non-spherical 

plasmonic nanostructures including nanorods, nanoprisms and polyhedral nanoparticles, 

numerical methods such as discrete dipole approximation (DDA), the T-matrix method, 

finite-difference time-domain (FDTD) simulations, finite element calculations, and finite 

element calculations are used for the calculations of spectral characteristics of these 

nanostructures13. 

  

1.2 Synthesis of gold-silver alloy nanoparticles 

Bimetallic nanoparticles, with different compositions and structures compared to 

their pure elemental nanoparticle counterparts, demonstrate different optical and catalytic 

properties and become a popular domain for research14-16. Among various bimetallic 

nanoparticles, gold-silver alloy nanoparticles attract great attention by virtue of their 

remarkable optical properties17. For instance, the Lycurgus Cup (Figure 2), a 4th century 

Roman glass cage cup with dichroic effect, is colored by cuboidal gold-silver alloy 

nanoparticles of 50-100 nm size18. 
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Figure 2. The Lycurgus Cup 1958,1202.1 in reflected (a) and transmitted (b) light18. 

Department of Prehistory and Europe, The British Museum. © The Trustees of the 

British Museum. Reproduced (adapted) from18. License: CC BY-NC 2.0 

 

 Researchers’ interest in the synthesis of gold-silver alloy nanoparticles dates back 

to the 1970s19, 20. Nowadays, the synthesis of gold-silver alloy nanoparticles is considered 

as a relatively mature research field. Among the methods to prepare gold-silver alloy 

nanoparticles, the co-reduction of gold and silver precursors by chemical reductant is the 

most frequently used one. This method has been performed in organic solution21 and 

aqueous solution22, where the composition and size of alloy nanoparticles can be 

controlled by varying both the precursor ratios and the amounts of reductant.  
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Figure 3. Schematic of the multistep seeded growth synthesis of gold-silver alloy 

nanoparticles23. Reprinted with permission from23. Copyright (2015) American Chemical 

Society. 

 

According to the LaMer mechanism24, 25, the growth process of nanoparticles involves 

two different periods, the size focusing period and Ostwald ripening period. In size 

focusing period, the mean diameters of the nanoparticles increases rapidly and the size 

distribution becomes narrower while the growth rates declines sharply and the size 

distributions broadens in Ostwald ripening period26. The switching point of these two 

different periods depends on the ratio of metal precursors to monomers (reacted species 

readily to nucleate) concentration: the size focusing period is favored at low ratio while 

the Ostwald ripening period is favored at high ratio. Since the concentration of monomers 

decreases by nanoparticle growth, multiple seeded-growth steps, where the precursors 

to monomers ratio is low, are required to form monodisperse large size gold-silver alloy 

nanoparticle with diameter above 50 nm. With the employment of seeded growth and co-
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reduction, it is more readily to prepare large gold-silver alloy nanoparticles with small size 

distribution. Gold nanoparticle has been reported to act as a starting seed to grow the 

thick alloy shell from the co-reduction of gold and silver precursors23, where the resulting 

nanoparticles are used as seeds for the subsequent growth step and this process is 

repeated until the desired size is reached (Figure 3). In addition to gold nanoparticle, our 

research work demonstrates that gold-silver alloy nanoparticle can work as starting seed 

in the preparation of monodisperse large gold-silver alloy nanoparticles, which enables 

better control over the composition and will be described in detail in Chapter Two. It is 

also worthy to note that core-shell gold/silver nanoparticle can be converted into gold-

silver alloy nanoparticles by annealing at high temperature27(Figure 4), which is similar 

with seeded growth process of Figure 3. 

 

 

Figure 4. The synthesis of Au(core)/Ag(shell) NPs and their conversion to AuAg alloy NPs 

through annealing27. Reprinted with permission from27. Copyright (2011) WILEY VCH. 

 

In addition to the conventional chemical reduction method, novel methods such as 

galvanic replacement28, sonochemical technique29, and laser ablation 30, 31 are reported 

for the synthesis of gold-silver alloy nanoparticles. Galvanic replacement makes use of 

different redox potentials of varied metal/metal ion couples. As metal ions with higher 
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standard redox potential may receive electrons from metal nanoparticles with lower redox 

potential, silver nanoparticles are usually the sacrificial template, given that the standard 

electrode potential of Ag+
(aq)/Ag(s) is 0.80 V and the one of [AuCl4]-/Au(s) is 0.93 V32. It has 

been reported28 that monodisperse Ag-Au alloy nanoparticles from 6 nm to 11 nm with 

only 0.5 nm deviation are prepared by the replacement reaction between Ag 

nanoparticles and HAuCl4 in the absence of reductant. In sonochemical technique, the 

high frequency sound (from 20 kHz to several MHz) is transmitted through a medium as 

a pressure wave and induces a vibrational motion of the molecules, which could deliver 

energy into the reaction mixture leading to local temperature change from 1900 to 5200 

K, pressures change about 103 atm with heating/cooling rates above 108 K·s-1 in room 

temperature lab29. Laser ablation in liquids is probably the most versatile method for fast 

production of nanoalloys with arbitrary composition30. As an energy source that drives the 

reactant molecules in ground state to go across the energy barrier, laser ablation 

facilitates the reduction of metal ions by high energy electrons and radicals produced in 

situ through the ionization and excitation of solvent molecules by irradiation energy31. As 

is shown in Figure 5, near-monodispersed gold-silver alloy nanoparticles are synthesized 

by high intensity laser irradiation of metal ions in hexane without other reductants with 

different gold-silver ratios and the average size of 2–5 nm31. Although gold-silver alloy 

nanoparticles with 20% Au and diameter as 105 ± 28 nm has been prepared by laser 

ablation33,  more efforts are required to improve this synthesis method to achieve better 

control over the alloy nanoparticles’ size  and composition. 
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Figure 5. Sketch of the experimental setup31. Reprinted with permission from31. Copyright 

(2011) American Chemical Society. 

 

1.3 Applications of gold-silver alloy nanoparticles 

Gold-silver alloy nanoparticle has remained one of the trending research topics 

over several decades because of its tunable plasmonic property by controlling 

nanoparticle size, shape and composition. As is presented in Figure 617, the localized 

surface plasmon resonance wavelengths from 390 nm to 530 nm are attainable in the 

range of diameters from 5 nm to 50 nm and gold fractions from 0 to 1. The tunable 

plasmon resonance makes gold-silver alloy nanoparticles a versatile candidate in 

localized surface plasmon related applications such as dark-field imaging34, plasmon-

enhanced fluorescence35 and photothermal effect36. 
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Figure 6. Mesh plot of the SPR wavelength of AuxAg(1–x) alloy nanoparticles as a function 

of gold content and particle diameter predicted by Mie theory17. Reprinted with permission 

from17. Copyright (2013) American Chemical Society. 

 

Figure 7. Schematic for analyte molecules Raman scattering enhanced by plasmonic 

nanoparticles3. Reprinted with permission from3. Copyright (2017) IOP Publishing. 

Among the plasmon related applications, gold-silver alloy nanoparticles have been 

commonly used in surface enhancement Raman spectroscopy (SERS). SERS is a 
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surface sensitive technique to enhance Raman scattering by molecules adsorbed on 

metal surface or molecules in the vicinity of plasmonic nanostructures37(Figure 7). For 

SERS substrate fabricated from plasmonic nanostructures, both chemical and 

electromagnetic enhancement mechanisms are well accepted as key contributors to 

SERS phenomenon38. It has been demonstrated that SERS signal is measured in the 

complicated matrix such as urine or blood38. Silver is considered the most useful for SERS 

enhancement in term of sensitivity38, 39 but silver is more likely to undergo oxidation, which 

leads to a significant decrease of SERS activity over time40. The incorporation of silver 

and gold into alloy NPs could reduce the toxicity by minimizing the release of silver ions 

as compared to pure silver nanoparticles41-44, making gold-silver alloy nanoparticle more 

stable for bio-imaging applications over time39. Besides, computational work and 

experimental results have shown that the SERS properties of gold and silver 

nanoparticles highly depend on their shape45. Gold-silver alloy nanostructures with sharp 

tips or edges such as nanowires38, nanoboxes46 and nanodendrites47 enable strong 

SERS performance because there will be more hot spots and more molecules will be 

absorbed on the nanoparticle surface as the surface area of these nanostructures 

increases.  
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Figure 8. SEM (scanning electron microscope) images of Ag2Au98 catalyst, where the size 

of the gold-silver crystallites is close to 8 nm estimated the X-ray diffraction peaks48. 

Reprinted with permission from48. Copyright (2014) Elsevier. 

 

Another important application of gold-silver alloy nanoparticles is acting as 

catalysts. Gold nanoparticles play an important catalyst role in several oxidation reactions 

though the mechanism is still in debate49. An option to enhance the catalytic activity of 

gold nanoparticles is to search for a metallic element that can be alloyed with gold in 

nanoscale and has more affinity to oxygen, which is silver. Ag and Au have nearly identical 

lattice constants (0.408 nm for Au and 0.409 nm for Ag), which could lead to alloy 
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formation under certain synthetic conditions50. It has been reported that high catalytic 

activity and selectivity towards the oxidation reactions of H2 and CO are achieved by Ag-

Au nanoalloys48 (Figure 8). Compared with monometallic Au or Ag catalysts, the alloy 

catalysts exhibited much higher activity at low temperature for both CO oxidation and H2 

oxidation48. Both the reaction rates of H2 oxidation and CO oxidation have positive 

correlations with silver concentration (from 0% to 6%), which may be correlated with the 

number of surface sites constituted of adjacent Ag atoms that are required for dissociative 

oxygen adsorption. 

 

1.4 Conclusion 

Based on its unique tunable plasmonic properties, gold-silver alloy nanoparticles 

have attracted many research interests over several decades. Although the synthesis of 

gold-silver alloy nanoparticles is considered as a relatively mature research field, more 

efforts are required to develop the synthesis methods that have better control of alloy 

nanoparticles’ size, shape and composition, especially for non-spherical nanoparticles, 

which will pave the way for the following properties and application studies. In addition, it 

is anticipated that gold-silver alloy nanoparticles will be applied for more and more bio-

applications in the future with the rapid development of biomedicine nowadays. We hope 

the knowledge presented in this chapter will be beneficial for our readers to have better 

understandings of the following three research chapters. 
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Chapter 2. Two-step synthesis of gold-silver alloy nanoparticles via the 

combination of seeded growth and citrate co-reduction 

 

2.1 Introduction 

Noble metal nanoparticles (NPs) are one of the most well-studied nanomaterials 

because of their well-controlled preparation1-3 and their attractive catalytic4-6 and optical 

properties7-10, which originate from their plasmonic properties. Plasmons are collective 

oscillations of free electrons under irradiation. Among plasmonic nanoparticles, most 

research has been focused on gold and silver because they are well suited for sustaining 

a plasmon resonance in the visible region of the spectrum11. Gold exhibits an intrinsically 

weaker plasmonic resonance than silver because silver has smaller losses in the UV and 

visible region of the spectrum12, 13. However, gold is often preferred to silver for its better 

biocompatibility and chemical stability. Ag NPs are toxic in a liquid environment over time 

due to the surface oxidation and dissolution of silver ions14, 15. However, the incorporation 

of silver and gold into alloy NPs could reduce the toxicity by minimizing the release of 

silver ions as compared to pure silver nanoparticles16-19 while enhancing the plasmonic 

resonance of the nanoparticles. Ag and Au have nearly identical lattice constants (0.408 

nm for Au and 0.409 nm for Ag), which could lead to alloy formation under some synthetic 

conditions20. To date, most of the plasmonic research focuses on sub-10 nm NPs21-27. 

However, since the plasmonic band detected in the optical extinction spectra originates 

from the sum of scattered and absorbed photons with a proportion strongly dependent on 

NPs’ size13, plasmonic NPs with diameters larger than 30 nm exhibiting greater scattering 

are generally required for bio-imaging applications such as Rayleigh scattering28-32, 
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surface enhanced Raman spectroscopy33-35, plasmon enhanced fluorescence36-40 and 

optical trapping41-43. The plasmonic characteristics of noble metal NPs are highly 

dependent on their size, composition and shape, which could be controlled by different 

synthetic methods. The tuning of composition and particle size of gold-silver alloy NPs 

could provide a wide range of plasmon resonance wavelengths for application 

optimization44. 

The formation process of nanoparticles can be explained by the commonly 

accepted LaMer model45, 46 separating nucleation and growth: nuclei are generated at the 

same time due to homogeneous nucleation and subsequently grow without additional 

nucleation47. As a consequence, many nucleation events lead to many small NPs, and 

few  nucleation events to fewer and larger NPs, which rationalizes the “seeded-growth” 

strategy by suppressing further nucleation47. Synthesis of gold-silver alloy NPs has been 

reported as early as 199948 based on citrate co-reduction with diameters around 20 nm. 

Currently, citrate co-reduction of gold and silver precursors remains one of the most 

common methods to produce gold-silver alloy NPs49, 50. Citrate reduction of chloroauric 

acid in aqueous solution, also known as the Turkevich51 method, is the most commonly 

employed method to synthesize gold nanoparticles. Following the Turkevich method, it is 

possible to control the diameters of gold NPs from 5 to 150 nm by simply varying the 

reaction conditions, but the prepared gold NPs are of poor quality(size and diameter 

distribution) with irregular shapes1. Bastús et al.1 reported a general synthesis route to 

prepare large (around 180 nm), uniform quasi-spherical and monodisperse Au NPs with 

the combination of citrate reduction of chloroauric acid and seeded growth, which is the 

major inspiration of our study. Meanwhile, there have been a few recent advancements 
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in the preparation of gold-silver alloy nanoparticles with diameters larger than 30 nm by 

chemical reduction50, 52-54 or laser ablation55. However, these reports did not demonstrate 

good control of the composition and diameters of the resulting alloy nanoparticles, or 

selected chloroauric acid as the gold precursor, which may result in the formation of silver 

chloride precipitate. As the solubility product of AgCl is fairly small (1.6×10-10), the 

concentration of silver precursors and large-scale synthesis will be limited in the future. 

Many efforts have been reported to minimize the effect of chloride from the chloroauric 

acid precursor56-58, but a clear-cut answer is the use of chloride-free precursor, gold 

acetate. 

Here, we describe a novel synthesis method for large gold-silver alloy NPs whose 

diameters are ~ 80 nm using gold acetate and silver nitrate as precursors and sodium 

citrate as a mild reductant in aqueous solution. This method relies on the joint efforts of 

citrate co-reduction and a seeded growth strategy in two steps (Scheme 1). Step one is 

to synthesize the gold-silver alloy seeds (G0) with diameters ~ 30 nm by citrate co-

reduction of gold acetate and silver nitrate. Next, the seeds grow into large alloy 

nanoparticles (G1) with diameters ~ 80 nm by the combination of seeded growth and 

citrate co-reduction of gold and silver precursors. To our knowledge, it is the first to 

prepare gold-silver alloy nanoparticles with diameter - 80 nm using gold acetate as the 

gold precursors. Using acetate as the precursor enables better control over silver content 

than with the more common chloroauric acid, since silver acetate is soluble in water, while 

silver chloride is not. The prepared gold-silver alloy seeds and large NPs are 

monodispersed, uniformly quasi-spherical and highly crystalline. The size, shape and 

composition of the gold-silver alloy NPs were investigated by transmission electron 
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microscopy (TEM) and energy-dispersive X-ray spectroscopy (EDAX) mapping. EDAX 

mapping shows that both gold and silver are distributed uniformly within the cores of all 

synthesized gold-silver alloy NPs. Interestingly, a silver-rich surface appears in all 

synthesized alloy nanoparticles, including NPs with only 25% silver content. As expected, 

this silver enriched surface layer is thicker and more prominent in 75% silver NPs when 

compared to the other alloy NPs. In addition, we demonstrate that while this silver surface 

layer does not appear as a separate plasmonic feature, the plasmonic band of these gold-

silver alloy NPs can be tuned by controlling the size and composition of the alloy NPs.  

 

Scheme 1 Schematic illustration of synthesis of Au-Ag alloy nanoparticles using seeded 

growth method 

  

2.2 Experimental 

2.21 Materials 

All glassware were washed by aqua regia and nitric acid before use. All chemicals were 

used without further purification. Gold(III) acetate (99.9%, Alfa Aesar), silver nitrate (>99%, 

Sigma-Aldrich) and sodium citrate (Sigma-Aldrich). Deionized (DI) water (>18 MΩ*cm) 

was used and obtained using Barnstead Diamond TII (Thermo Fisher) purification system. 

Centrifugations were performed with a SORVALL RC 6 PLUS centrifuge (Thermo Fisher 

Scientific, Waltham, MA) using a SH-3000 swinging rotor. 

2.22 Synthesis of gold-silver alloy seeds nanoparticles 
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The synthesis of gold-silver alloy seeds nanoparticles was achieved using a modified 

Turkevich approach51. Briefly, gold acetate and silver nitrate (6 µmol in total) were added 

to 50 mL of DI water in a 100 mL round bottom flask with 25 mg of sodium citrate. The 

solution was heated by water bath from room temperature to 75 degrees Celsius with 

stirring. Keep stirring and maintain the temperature at 75 degrees for three hours to 

ensure complete reduction of gold and silver ions. The solution would become transparent 

and its color gradually changed into yellow-green (25% Au), yellow (50% Au), yellow-red 

(75% Au) and ruby red (100% Au), respectively. The Au content in resultant alloy 

nanoparticles was controlled by adjusting the amount of gold precursor, gold acetate. 

Thus, by increasing the amount of gold acetate from 1.5 µmol to 3 µmol, 4.5 µmol and 6 

µmol, 25% Au, 50% Au, 75% Au alloy seeds and pure gold nanoparticles could be 

prepared. 

 

2.23 Synthesis of pure silver nanoparticles 

As silver nitrate could not be reduced by sodium citrate solely, the synthesis method of 

pure silver nanoparticles was adopted from literature2 and it is based on the reduction of 

silver nitrate by a combination of two reductant: sodium citrate and tannic acid. Briefly, a 

100 mL volume solution containing sodium citrate (5 mM) and tannic acid (0.25 mM) was 

prepared and heated under vigorous stirring with a condenser. After boiling had 

commenced, 1 mL of silver nitrate (25 mM) was injected into this solution. The color of 

solution changed into green-yellow within a few seconds. The resultant pure silver 

nanoparticles were purified by centrifugation (4500 rpm for 30 minutes) and further 

redispersed in DI water. 
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2.24 Synthesis of gold silver alloy seeded-growth nanoparticles 

Gold-silver alloy seeds nanoparticles were synthesized following the above-described 

protocol. 10 mL of resultant gold-silver alloy seeds were purified by centrifugation (4500 

rpm for 30 minutes) to remove the excess of unreacted gold and silver ions and sodium 

citrate, and then were redispersed in 50 mL DI water. Gold acetate and silver nitrate (5 

µmol in total) were added to the solution in a 100 mL round bottom flask with 12.5 mg 

sodium citrate. The solution was heated by water bath from room temperature to 90 

degrees Celsius with stirring. Keep stirring and maintain the temperature at 90 degrees 

for one hour to ensure complete reduction of gold and silver ions. The solution would 

gradually become more yellow-green (25% Au), yellow (50% Au), yellow-red (75% Au), 

respectively. 

 

2.25 UV-vis, TEM and EDAX characterization 

UV-visible extinction spectra in the 200-800 nm region were collected using a Cary 100 

Bio instrument. The size, morphology and size distribution were characterized by TEM 

(Philips CM200 TEM) and high-resolution TEM (Thermo Scientific Talos F200X G2 

S/TEM). Samples were plated on 400 mesh carbon-coated copper grids (Ted Pella) 

overnight before characterization. Images were collected using CM200 and Talos at 200 

kV. Analysis of TEM images was carried out using ImageJ 1.53i (Wayne Rasband, 

National Institutes of Health, USA). EDAX measurements were conducted by Talos STEM 

(Scanning Transmission Electron Microscopy) with HAADF (high-angle annular dark field) 

detectors.  
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2.3 Results and Discussion 

While sodium citrate is commonly used as both a reducing and a stabilizing agent 

in the synthesis of gold nanoparticles, there are very few reported cases for the synthesis 

of silver nanoparticles with sodium citrate because of silver ions’ lower reduction potential. 

The challenge to produce monodisperse and uniform composition gold-silver alloy 

nanoparticles lies with the different reduction potentials of gold and silver. Alloy formation 

within the nanoparticle is indicated by the presence of only one plasmonic peak in optical 

extinction spectra48. Two plasmonic peaks are expected for distinct core-shell 

nanostructures25, 59, 60. The optical spectra of both the gold-silver alloy seeds and the 

seeded-grown nanoparticles in Figure 1 indicate alloy formation rather than core-shell 

nanostructures. Figure 1(a) shows the UV-Vis extinction spectra of several gold-silver 

alloy nanoparticles (seeds) with varying gold content. All nanoparticle seeds exhibit a 

single band, with their peak max ranging from 416 nm (for pure silver NPs) to 530 nm (for 

pure gold NPs). A linear relationship is achieved as expected for alloy nanostructures with 

increasing gold content (Figure 1, inset). The max for the plasmonic peaks of seeded-

grown alloy nanoparticles in Figure 1(b) lie between reported pure silver2 (451 nm) and 

gold1 (546 nm) nanoparticles’ with comparable diameters and red-shifts with higher gold 

in composition of alloy nanoparticles. 
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Figure 1. UV-vis spectra of Au–Ag alloy nanoparticles. (a) seed alloy nanoparticles(G0). 

(inset: plot of the wavelength corresponding to the plasmonic band as a function of gold 

mole fraction for Au–Ag alloy nanoparticles) (b) seeded-grown alloy nanoparticles(G1). 

a 

 

 b c 

d  e f 

Figure 2. TEM images of Au-Ag alloy nanoparticles samples. (a)25%Au G0 nanoparticles. 
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(b)50%Au G0 nanoparticles. (c)75%Au G0 nanoparticles. (d)25%Au G1 nanoparticles. 

(e)50%Au G1 nanoparticles. (f)75%Au G1 nanoparticles. Scale bar is 100 nm for all 

images. 

 

TEM images (Figure 2) reveal a uniform size dispersion for all nanoparticles 

samples. The seed alloy nanoparticles (G0) have diameters close to 30 nm except for 

25%Au G0, which has a diameter of 42 nm. In addition, the size distribution of 25%Au G0 

is also wider than the other two seed samples. After seeded growth, the different G1 alloy 

nanoparticles also have a similar size in this case around 80 nm. All samples show a 

quasi-spherical shape that becomes less spherical as the content of silver increases, 

which may result from the increased mobility of silver atoms61. The mean diameter 

distributions, based on more than 100 nanoparticles, are narrow as shown in Figure 4 

and Table 1. More details of the morphology and crystallinity of nanoparticles are shown 

in their high-resolution-TEM(HRTEM) images (Figure 3). HRTEM images also show a 

high degree of crystallinity and well-defined lattice fringes. The interplanar distance 

measured from the adjacent lattice fringes is about 0.24 nm for the six different gold-silver 

alloy nanoparticles, which indicates (111) planes of face-centered cubic (fcc) gold or silver.  

 

 

 

 



26 
 

 a  b  c 

 d  e  f 

 

 

 

 

 

Figure 3. High resolution TEM images of Au-Ag alloy nanoparticles samples.  

(a)25%Au G0 nanoparticles. (b)50%Au G0 nanoparticles. (c)75%Au G0 nanoparticles.  

(d)25%Au G1 nanoparticles. (e)50%Au G1 nanoparticles. (f)75%Au G1 nanoparticles. 

Scale bar is 10 nm and 1 nm (inset) for all images. 
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a

 

b

 

c

 

d

 

e

 

f

 

Figure 4. Nanoparticle size distribution of all samples by analysis of TEM images. 

Numbers of analyzed nanoparticles are denoted as N. And the diameters of analyzed 

nanoparticles are denoted as D. 

 
mean diameters 

(nm) 

max plasmonic peaks 

(nm) 

Atomic% of 

Au* 

25%Au G0 42±7.4 427 15.89 

50%Au G0 29±4.2 458 45.51 

75%Au G0 31±4.5 504 69.23 

25%Au G1 76±9.7 464 12.83 

50%Au G1 80±9.6 505 46.96 

75%Au G1 78±10 533 69.40 

 * Atomic% of Au was estimated from EDAX spectra to track the trend of element content 
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change 

Table 1.  Average diameters and plasmonic peaks of Au-Ag alloy nanoparticles samples 

 

 
a1 a2 a3 a4 a5 

b1 b2 b3 b4 b5 

c1 c2 c3 c4 c5 

d1 d2 d3 d4 d5 

 
e1 

 
e2 e3 

 
e4 e5 

f1 f2 f3 f4 f5 
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Figure 5. HAADF-STEM, EDAX-mapping and line-profiling of gold-silver alloy 

nanoparticles of representative 25%Au G0(a), 50%Au G0(b), 75%Au G0(c), 25%Au 

G1(d), 50%Au G1(e), 75%Au G1(f). 

 

As mentioned previously, gold and silver have similar lattice constants and thus it 

is very difficult to distinguish between crystallites that consist of pure silver, pure gold or 

alloys within nanoparticles by electron diffraction19. To confirm the presence of gold-silver 

alloy nanoparticles, EDAX spectra were measured. Figure 5 shows HAADF-STEM 

images, EDAX’s elemental mappings of gold, silver and both elements merged, as well 

as line profiling of the investigated nanoparticle. In all cases, the EDAX mapping shows 

a uniform distribution of gold and silver content within the cores of the investigated alloy 

nanoparticles, and the intensities for gold and silver correlates with HAADF’s in EDAX 

line profiling spectra. However, when comparing the distribution of gold and silver with the 

line-profiling spectra from the EDAX mapping for 25% Au G0 and G1 nanoparticles 

(Figure 5a and 5d), there appears to be a fairly prominent silver-rich surface layer for 

these nanoparticles. This silver-rich surface shell is also visible in HAADF-STEM images 

due to silver’s lower-contrast when compared to gold.  Because silver is so strongly 

preferred at the surface, the EDAX intensity for silver in the core for these particles is 

smaller than expected for a particle that is only 25% gold in content. 

A closer look also shows the presence of a silver-rich surface for 50% and 75% Au 

G0 and G1 nanoparticles, however this layer is much thinner and less prominent than for 

25% Au nanoparticles. It is notable that the silver concentration is much higher within the 

surface region for all alloy nanoparticles (even for 75% Au G0 and G1 NPs), which was 
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revealed by line-profiling spectra of the different alloy nanoparticles in Figure 5. In 

bimetallic nanoparticles, the driving force for elemental segregation is the tendency to 

minimize the free energy of the nanoparticles. Viktoria et al reported the synthesis of 30-

40 nm alloyed nanoparticle of gold-silver by coreduction49, where HAADF-STEM images 

showed silver-rich patches within the investigated nanoparticle, indicating segregation 

between silver and gold within the synthesized nanoparticles. In contrast, here we 

observe that there is no clear separation between gold and silver in the cores of the 

nanoparticles. However, there is a clear preference for silver at the surface of the 

nanoparticles, which might be ascribed to differences in the surface energy62 or the 

reduction potential between silver and gold. The preferential presence of silver on the 

surface of gold-silver alloy nanoparticles was also reported by Guisbiers et al62. Although 

silver undergoes oxidation more easily than gold, the formation of silver oxide layers is 

unlikely in an aqueous environments63. 

 

2.4 Conclusion 

In this work, we demonstrated a novel method for the synthesis of gold-silver alloy 

nanoparticles by the combination of seeded growth and citrate co-reduction of gold 

acetate and silver nitrate. The use of gold acetate as a precursor prevents the formation 

of insoluble AgCl during synthesis and allows for better control of the gold-silver ratio over 

a wider range of compositions. The prepared Au-Ag alloy seeds and large NPs are 

dispersed uniformly in size and shape and highly crystalline. Since the inexpensive and 

versatile citrate co-reduction method remains one of the best candidates for gold-silver 

alloy NPs preparation, the protocols described here would be very promising in future 
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industrial production as well as in potential biomedical and catalytic applications. For 

instance, El-Sayed and coworkers demonstrated the capability to directly image individual 

anti-EGFR-conjugated gold nanoparticles with dark field microscopy64. With stronger 

scattering cross sections in theory13, our gold-silver alloy nanoparticles should be a better 

candidate for this type of biomedical application. Furthermore, the plasmonic resonance 

of these gold-silver alloy NPs can be tuned by controlling the size and composition of the 

alloy NPs. Alloy formation was confirmed by UV-Vis and EDAX spectra for all six samples. 

The uniform distributions of gold and silver content within the cores of the all Au-Ag alloy 

NPs are demonstrated by EDAX mapping and profiling. Notably, there appears to be a 

silver-rich surface for all synthesized alloy nanoparticles where this silver enriched 

surface layer is thicker and more prominent for 25% Au nanoparticles than for 50% and 

75% Au nanoparticles. The clear preference for silver at the surface of Au-Ag alloy 

nanoparticles shown here needs more investigations and might be useful in the 

development of nanotechnologies where both silver surfaces and longer wavelength 

plasmon resonances are desired.  
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Chapter 3. The dealloying of gold-silver alloy nanoparticles by BSPP towards 

porous nanostructures  

  

3.1 Introduction 

Porous nanostructures have become a popular domain for research by virtue of 

their desirable structures and properties that are different from their solid counterparts, 

making them popular in medical technology, chemistry, and materials science1-4. The 

higher surface-to-volume ratio than similar solid structures makes porous nanomaterials 

versatile in drug delivery5, medical imaging6,  and bio-sensors7. Furthermore, porous 

nanostructures that possess higher surface energy from more edges and corner sites 

have better performance in catalysis8. Plasmonic alloy nanoparticles are intermetallic 

compounds of metallic elements that have also generated enormous scientific interest 

because of their additional properties when compared to pure metals9. They have also 

been used to generate porous nanoparticles through selective removal of one component. 

For example, the porous plasmonic nanoparticles such as porous gold nanoparticles have 

been prepared from the dealloying of Au/Ag bi-layer films10, Ag65Au35 leaf11 and Au-Ag 

alloy ingots12. Although gold is usually viewed as an inert metal, porous Au nanoparticles 

are catalytically active for several heterogeneous oxidation reactions13. However, Au is 

the only transition metal with an endothermic chemisorption energy for oxygen, which 

indicates that it does not readily bind oxygen molecules13. Investigation of the intrinsic 

catalysis mechanism of gold nanoparticles thus requires the preparation of non-supported 

porous gold nanoparticles to avoid the influence of oxygen binding to the support. 
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Figure 1. Chemical structure of Bis(p-sulfonatophenyl)phenylphosphine dihydrate 

dipotassium dehydrate salt. 

 

 Bis(p-sulfonatophenyl)phenylphosphine (BSPP) is a water-soluble derivative of 

triphenylphosphine that has been commonly used in the synthesis of gold nanoparticles14. 

BSPP coordinates with Ag+ to form a stable complex15. Since silver nanoparticles release 

Ag+ ions upon contact with water16-18, it is anticipated that the release of Ag+ ions from 

silver nanoparticles will be facilitated with the help of BSPP in the solution through Ag+-

BSPP complex formation. Meanwhile, BSPP is an excellent stabilizer for gold 

nanoparticles19-21. Therefore, we aim at dealloying gold-silver alloy nanoparticles with 

selective silver etching to form a porous gold nanostructure, which requires the dissolution 

of silver and the complexation of silver ions by BSPP as well as the stabilization of gold 

by BSPP.  

In this chapter, we demonstrate the preparation of unsupported porous alloy 

nanostructures in the presence of excess BSPP. While silver does not appear to be 

selectively removed from alloy nanoparticles, TEM shows the presence of small 



39 
 

nanoparticles forming on the surface of the larger alloy nanoparticles. Energy-dispersive 

X-ray spectroscopy (EDX) indicates that these small outer nanoparticles are mainly 

comprised of silver, resulting in large central alloy core particles surrounded by smaller 

silver satellite nanoparticles with high surface area. The formation of these core-satellite 

particles is monitored by UV-Vis spectroscopy and transmission electron microscopy 

(TEM). 

 

3.2 Experimental 

3.21 Materials 

All chemicals were used without further purification. BSPP (Sigma-Aldrich), Gold (III) 

acetate (99.9%, Alfa Aesar), silver nitrate (>99%, Sigma-Aldrich), and sodium citrate 

(Sigma-Aldrich). Deionized (DI) water (>18 MΩ*cm) was used and obtained using 

Barnstead Diamond TII (Thermo Fisher) purification system. Centrifugations were 

performed with a SORVALL RC 6 PLUS centrifuge (Thermo Fisher Scientific, Waltham, 

MA) using a SH-3000 swinging rotor. 

3.22 Synthesis of gold-silver alloy nanoparticles 

The synthesis protocol of gold-silver alloy nanoparticles was described in the 

experimental section of Chapter 2. 

3.23 Dealloying process 

The alloy nanoparticles solution was centrifuged for 45 minutes and redispersed in an 

equal volume of deionized water before the dealloying reaction. The molar ratio between 
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BSPP and metal (Au+Ag) was set as X = 2. Briefly, BSPP was added into 1 mL of alloy 

nanoparticle solution in a 1.5 mL microcentrifuge tube. Next, the microcentrifuge tube was 

vortexed for about 1 minutes and wrapped by aluminum foil to protect it from light 

excitation, waiting for further characterization such as UV-Vis and TEM measurements. 

3.24 Instrumentation 

UV-visible spectra in the 350-700 nm region were collected using a Cary 100 Bio 

instrument. The size, morphology and size distribution were characterized by TEM 

(Philips CM200 TEM). EDX-mapping was conducted on FEI Tecnai G2 F20 STEM. All of 

the UV-Vis data were processed by MATLAB. Measurements in TEM images were 

conducted with ImageJ Software. The structure of BSPP is drawn in ChemDraw. 
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Figure 2. TEM images of 50%Au G1 nanoparticles (a) after 26 hours treatment with BSPP 

(X=2) and (b) after 56 hours treatment of BSPP (X=2) and (c) before BSPP treatment. 

 

3.3 Results and Discussion 

The TEM images of 50%Au G1 alloy nanoparticles treated with BSPP (X=2) after 

26 hours and 56 hours are presented on Figure 2. The diameters of these (center) 

nanoparticles are 80.10±8.12 nm (26 hours treatment) and 74.79±5.80 nm (56 hours 

treatment). Since the diameter of 50%Au G1 alloy nanoparticles (before BSPP treatment) 

is 80±9.6 nm, it is possible that there is no size shrinkage of nanoparticles after BSPP 

treatment and the center nanoparticles are porous. The central core nanoparticles are 

surrounded by much smaller nanoparticles, with much lower TEM contrast (intensity) than 

the core nanoparticles. After 56 hours of BSPP treatment, the outer nanoparticles are 

larger in size than those 26 hours of BSPP treatment, which may imply that dealloying 

continues over time. Since the contrast of particles imaged in TEM increases roughly with 

higher atomic number squared22 (Z2), silver nanoparticles have lower TEM contrast than 

gold nanoparticles. The large difference in contrast between the smaller satellite particles 

and the larger core particle suggests that there is much more silver in the satellite particles.  
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Figure 3. (a) EDX-mapping spectra (acquired on STEM mode) of 50%Au G1 

nanoparticles with the addition of BSPP after 56 hours. Red pixels represent gold and 

green pixels represent silver. (b) TEM images of the corresponding 50%Au G1 

nanoparticles measured by EDX-mapping. Please note that due to instrument limitations, 

there are positional deviations between the images acquired on STEM and TEM modes. 

 

Figure 3 shows 50%Au G1 alloy nanoparticles after 56 hours BSPP treatment 

imaged and analyzed by EDX and TEM. Given that BSPP stabilizes gold nanoparticles 

and forms coordination complexes with Ag+, and that the large contrast difference 

suggests that the satellite particles are mostly comprised of silver, we used EDX-mapping 

to look at the spatial distribution of gold and silver in the core-satellite structures. EDX 

confirms that the outer nanoparticles are mainly composed of silver rather than gold. Both 

silver and gold are present in the larger core nanoparticle, although the intensity for gold 

is much higher. The overall EDX intensity reflects a 60:40 Ag:Au ratio that is consistent 

with the synthesis composition of 50 Au G1 nanoparticles, implying that the silver of the 

satellite particles originates from the starting alloy nanoparticles. 



43 
 

Inspired by a mechanistic study of silver nanoprism growth15, a proposed reaction 

mechanism of silver deposition on the center nanoparticle is shown in Figure 4. First, the 

release of silver ions is facilitated by BSPP. Since citrate anions bind to both gold and 

silver nanoparticles23, it is expected that the alloy nanoparticles (the yellow sphere on 

Figure 4) are surrounded with citrate anions after synthesis, and the alloy nanoparticles 

could be partially negative charged as a result. The negatively charged particles could 

donate an electron to a silver cation that is complexed by BSPP. As more Ag+ are reduced 

back to Ag0, more silver atoms aggregate on the surface of alloy nanoparticles resulting 

in silver satellite particles while the citrate anions are oxidated into acetoacetate and 

carbon dioxide.  

 

Figure 4. Scheme of the proposed reaction mechanism of silver deposition on the 

center nanoparticle. The yellow sphere stands for the alloy nanoparticle. 
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Figure 5. The extinction spectra of gold-silver alloy nanoparticles in the presence of 

excessive BSPP (X=2) over time (left images) and the corresponding changes (right 

images) of maximum extinction intensity (orange plots and axis) and maximum plasmonic 

peaks wavelength (blue plots and axis) over time. (a) 25%Au G1 nanoparticles scanned 

per 5 minutes for 360 minutes. (b) 50%Au G1 nanoparticles scanned per 5 minutes for 0-

125 minutes and per 30 minutes for 150-1320 minutes. (c) 75%Au G1 nanoparticles 

scanned per 5 minutes for 210 minutes. 
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 To investigate the effect of alloy composition on the dealloying process, a kinetic 

study with G1 alloy nanoparticles from 25%Au to 75%Au is conducted by UV-Vis 

spectroscopy. Since the maximum extinction intensity and its corresponding maximum 

plasmonic peak wavelength are related to the plasmonic nanoparticle’s structure, 

composition, size and local environment, the following discussion will be focused on these 

two parameters from the UV-Vis spectra. In Figure 5a, the maximum peak wavelength for 

25%Au G1 starts at 463 nm at time 0, reaches a plateau at 500 nm from 140 to 230 

minutes, and then shifts to 486 nm at 360 minutes. It is noticeable that the peak maxima 

first undergo a red-shift and then a blue-shift. The red-shift could be attributed to an 

increase in the fraction of gold in the alloy nanoparticle (Figure 4), in the alloy nanoparticle 

(Figure 5), given that the plasmonic peak for 80 nm gold nanoparticles is 546.5 nm24, 

while that for silver is 460 nm25. As shown in chapter 2, as the fraction of gold in an alloy 

nanoparticle increases, the plasmon resonance position red shifts. The blue-shift could 

result from the formation of the satellite nanoparticles that contain mainly silver. 

Meanwhile, the maximum extinction intensity decreases from 1.31 to 0.86, which may be 

due to the incomplete reduction of silver ions complexed by BSPP. And the maximum 

extinction intensity may reach a plateau with extended time. Throughout the whole time 

period of the study, there is a single plasmon resonance, implying that the satellite 

nanoparticles do not behave like a complete shell on the core alloy particle. For a 

complete shell, we would expect to see a secondary plasmonic resonance26, 27. 

In Figure 5b, the maximum peak wavelengths for 50%Au G1 fluctuate within the 

range of 496 nm to 501 nm. It is possible that the core composition does not change much 

over the time of the experiment, with most of the removed silver coming from the outer 
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areas of the nanoparticle. This seems likely, given the results from chapter 2, which show 

that our alloy particles are enriched in silver at the surface for all alloy compositions. The 

changes in the maximum extinction intensity over time follow a “V” shape trend with an 

initial decrease to a turning point is at (85, 0.55), followed by an increase to a plateau at 

990 minutes with the intensity around 0.61. This could reflect initial depletion of silver from 

the alloy nanoparticle followed by deposition of silver as satellite nanoparticles. Since 

silver nanoparticles have higher surface plasmonic resonance intensity than gold28, as 

silver is removed, gold has a stronger influence on the maximum extinction intensity of 

50%Au G1 nanoparticles, which leads to a decrease of the maximum extinction intensity. 

Once enough silver redeposits on the core, silver’s influence increases again and 

generates an increase in the maximum extinction intensity. In Figure 5c, both the 

maximum peak wavelengths and the maximum extinction intensity of 75%Au G1 

nanoparticles are nearly unchanged, which demonstrates that the 75%Au G1 

nanoparticles are not very active for dealloying. In light of the magnitude of changes in 

maximum peak wavelengths and maximum extinction intensities within the same time 

scale (Table 1), 25%Au G1 will readily undergo dealloying, while 75%Au G1 will barely 

change in the same time, with 50%Au G1 in between. Additional follow up is required to 

confirm these results, including TEM at more time points. Dark field scattering 

spectroscopy may be helpful to further characterize these materials. 

 Δ Peak Max (nm) Δ Extinction  

25%Au G1 38 0.339 

50%Au G1 1 0.06 

75%Au G1 2 0.006 
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Table 1. The difference between the maximum peak wavelengths and maximum 

extinction intensity at 0 minute and 210 minutes.  

 

3.4 Preliminary Conclusion and Future Work 

Citrate capped 50%Au G1 alloy nanoparticles undergo dealloying in the presence 

of BSPP, yielding a novel nanostructure where the central core alloy nanoparticles are 

surrounded with small satellite nanoparticles. EDX-mapping results demonstrates that the 

satellite nanoparticles are mainly composed of silver and the central core nanoparticles 

contain more gold than silver. Guided by the TEM and EDX results, we present a 

proposed dealloying mechanism. In addition, the dealloying of 25%Au G1, 50%Au G1 

and 75%Au G1 nanoparticles with BSPP is monitored by UV-Vis spectroscopy over time. 

25%Au G1 is the most active for dealloying while 75%Au G1 is the least active, which 

may be due to differences in the amount of silver ions formed at the nanoparticle surface. 

Further evidence provided by TEM, EDX-mapping and UV-Vis as well as control 

experiments are required to demonstrate the mechanism, optimal reaction conditions, 

and applications of the reported dealloying reaction. It is expected that the outer 

nanoparticles could be removed by nitric acid which dissolves silver but is passive to gold. 

Although the TEM data suggests that there is not a significant loss in size upon etching 

with BSPP, and thus the particles are porous, this needs additional confirmation. The 

porosity of the center nanoparticles could be measured by BET surface area analysis. 

Preliminary results suggest that we have a versatile method for the preparation of stable 

porous alloy nanoparticles, and that the degree of etching (and thus porosity) can be 



48 
 

controlled by the gold-silver ratio in the alloy particles.  Particles with higher silver content 

are more readily etched by BSPP, as expected. Further work is required to build on these 

encouraging results. 
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Chapter 4. Investigation of the optical properties of gold-silver alloy nanoparticles 

with dark-field hyperspectral microscopy  

 

4.1 Introduction 

Dark-field microscopy has been used in recent years for monitoring chemical 

reactions1-3, biosensing4-7,  and molecule detection8. Dark-field microscopy is based on 

indirect sample illumination where only scattered light from the sample is captured9. The 

primary advantage of this technique is that it provides high contrast images and makes it 

possible to collect the scattering light of plasmonic nanoparticles at the single-particle 

level10. Unlike in bright-field illumination, where the specimen is illuminated by a directly-

focused light to produce dark images on a white background, in dark-field microscopy 

only peripheral light illuminates the specimen while the direct light is cut off by the light 

stop, resulting in bright images on a black (dark) background11. Due to the Tyndall effect, 

where light is scattered by particles roughly between 40 and 900 nm in a colloid, 

nanoparticles that are much smaller than the typical optical microscope resolution limit 

(0.6 µm – 0.2 µm) can be visualized using dark-field microscopy. Hyperspectral imaging 

(HSI) is a technique allowing for the acquisition of two-dimensional images across a range 

of the electromagnetic spectrum12. This technique is based on images produced while 

collecting the whole spectrum per image pixel, instead of taking a photograph where each 

pixel is dominated by a single wavelength (as happens in normal microphotography)13. 

HSI used along with dark-field microscopy could offer significant advantages for rapid 

label-free spatially-resolved detection and characterization of nanoparticles14. Figure 1 

provides a generalized scheme of the system and the data acquisition device15. 
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Figure 1. Generalized scheme of darkfield microscopy. This diagram is acquired from 

Photon etc16. (Montreal, Quebec, Canada) and a copyrighted work of Photon etc. 

 

Owing to the characteristic localized surface plasmon resonance, plasmonic 

nanoparticles scatter light very strongly: scattering light from single silver or gold NPs 

larger than 20 nm diameter can be easily seen under a microscope17. As a characteristic 
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optical spectroscopy technique, dark-field microscopy coupled with a spectrometer has 

been developed for the observation and measurement of the UV-Vis-NIR spectrum of 

plasmonic nanoparticles at the single particle level. Plasmonic nanoparticles yield strong 

light scattering in dark-field microscopy imaging because of enhanced light absorption 

and scattering by surface plasmons18 and thus can be visualized as bright spots with the 

characteristic plasmonic color on a dark background19. The wavelength of the scattered 

light is directly related to the surface plasmons of the nanoparticle and its size, shape, 

material, and local environment. The detection of silver nanoparticles with diameters 

exceeding 5 nm has been reported using dark-field hyperspectral microscopy20. With the 

employment of dark-field hyperspectral microscopy, it is possible to investigate the 

scattered light of individual gold-silver alloy nanoparticles with different ratios of gold to 

silver.  

 A theory describing scattering and absorption of light by spherical nanoparticles 

was proposed by Mie, also known as Mie scattering21. Assuming that small spherical 

nanoparticles interact with a plane wave incident, the extinction and the total scattering 

cross sections can be expressed as21:   
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Where V is the particle volume, and  𝜀𝑚 = 𝑛𝑚
2

 is the medium’s dielectric function, and 𝜀1 

and 𝜀2 are the real and imaginary parts of the metal dielectric index respectively. 𝜆 is the 

wavelength of the incident light. For noble metal nanoparticles (Au, Ag and Cu), with a 

negative real and small positive imaginary dielectric constant over a range of wavelengths, 

the surface plasmon resonance frequency occurs in the visible to near-infrared region22. 

In this chapter, we report light scattering measurements of our synthesized gold-

silver alloy nanoparticles at the single nanoparticle level by our dark-field hyperspectral 

microscope. This study is at a very early stage and aims at investigating how uniform our 

alloy nanoparticles are with respect to element distributions and compositions. It is 

expected that the results from this study will be complementary to the UV-Visible 

extinction spectra and TEM results discussed in Chapter 2. Though the results of this 

study are preliminary, we demonstrate that dark field scattering measurements on gold-

silver alloy particles will be useful in determining the optical characteristics of individual 

nanoparticles, which can then be compared to our previous ensemble measurements. 

 

4.2 Experimental 

4.21 Materials  

All chemicals were used without further purification. Hydrogen Peroxide (30%, Thermo 

Fisher), Sulfuric Acid (95-98%, Thermo Fisher), Acetone (HPLC grade, Thermo Fisher), 

Gold (III) acetate (99.9%, Alfa Aesar), silver nitrate (>99%, Sigma-Aldrich), and sodium 

citrate (Sigma-Aldrich). Deionized (DI) water (>18 MΩ*cm) was used and obtained using 

Barnstead Diamond TII (Thermo Fisher) purification system. Centrifugations were 
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performed with a SORVALL RC 6 PLUS centrifuge (Thermo Fisher Scientific, Waltham, 

MA) using a SH-3000 swinging rotor.  

 

4.22 Synthesis of gold-silver alloy nanoparticles 

The synthesis protocol of gold-silver alloy nanoparticles was described in the experiment 

section of Chapter 2. 

 

4.23 Instrumentation 

Dark-field hyperspectral microscopy characterization: The dark-field image and light 

scattering spectra were measured on a hyperspectral dark-field microscope (IMA, Photon 

etc., Canada). This microscope was equipped with a Nikon ECLIPSE Ti2-U Inverted 

Microscope, Hamamatsu ORCA-Flash4.0 V3 sCMOS Camera, and NKT Photonics 

SuperK FIANIUM FIU-15 Supercontinuum Laser (tunable on the range of 400-1000 nm 

with a spectral resolution of about 2 nm). Each light scattering spectra was acquired on 9 

pixel and the image time on laser was 0.2 second under a 20x objective. The scattering 

spectra were recorded per 10 nm of laser per pixel and the samples were surrounded 

with air at room temperature after pure nitrogen drying. The spectra were processed by 

MATLAB software. 

 

4.24 Glass slide pretreatment and sample preparation 
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The procedure for glass slide cleaning was developed by my lab mate, Alexander Al-

Feghali. Briefly, piranha solution was prepared in a beaker with extreme caution. The as-

prepared piranha solution was added into a Coplin jar with glass slides. And the jar was 

sonicated for 90 minutes. The piranha solution was removed into a beaker and 

neutralized by sodium bicarbonate. Next, the glass slides in the jar were rinsed with 

deionized water and HPLC grade acetone. The Coplin jar was filled with HPLC grade 

acetone and sonicated for 10 minutes. Then the Coplin jar was refilled with another batch 

of HPLC grade acetone and the glass slides waited for further use. And the imaging 

nanoparticles were immobilized on glass slides by drop-casting. The excessive solution 

was removed by nitrogen drying. 

 

Figure 2. Schematic of a hyperspectral data cube. This scheme is acquired from Photon 

etc23. (Montreal, Quebec, Canada) and a copyrighted work of Photon etc. 
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4.3 Results and Discussion 

 In our dark-field microscope, each hyperspectral measurement will generate a 

hyperspectral data cube, which consists of a subset of its spatial and spectral information 

per pixel23 (Figure 2). Figure 3 shows typical dark-field images of our synthesized gold-

silver alloy nanoparticles from 25%Au G0 to 75%Au G1 in white light mode. The alloy 

nanoparticles with different gold-silver ratios are well dispersed as small diffraction limited 

“bright white spots” in the field of view. Figure 4 shows dark-field hyperspectral images 

acquired at 600 nm of laser light, which has much lower signal to noise, as shown by the 

brighter background. The hyperspectral images are shown in greyscale and relative to 

the current image intensity at different wavelength of laser light, where the “bright spots” 

denotes gold-silver alloy nanoparticles. The formation of some larger bright spots on the 

images could be attributed to nanoparticle aggregations or coherent artifacts24. 
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Figure 3. Dark-field images of gold-silver alloy nanoparticles from 25% Au G0 to 75% Au 

G1. 
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Figure 4. Dark-field hyperspectral image of gold-silver alloy nanoparticles from 25% Au 

G0 to 75% Au G1 at 600 nm of laser. 
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Typical scattering spectra scanned from 400 nm to 1000 nm for gold-silver alloy 

nanoparticles of G0 and G1 with different gold-silver ratios are shown in Figure 5 as well 

as summarized in Table 1. Scattered light from gold-silver alloy nanoparticles provides 

information about the nanoparticles’ composition, size and local environment. Due to the 

instrumental and operational limitations, the scattering signals of individual nanoparticles 

are recorded per 10 nm of laser wavelength and the scattering signals are not stable due 

to a poor signal to noise ratio, which is shown by the different background whiteness in 

Figure 4 and the relatively large standard deviations of the scattering intensity as shown 

in Table 1.  

 

 

Figure 5. Typical scattering spectra of gold-silver alloy nanoparticles (G0 and G1) with 

different ratio of gold to silver. The blue lines are the Gaussian fittings of the spectra. 

 

It is anticipated that there will be peaks in the scattering spectra that are similar to 

the peaks in their corresponding extinction spectra measured by UV-Visible spectroscopy. 

The FWHM (full width half-maximum) value is an estimate of the sharpness of the 
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scattering spectra. Our FWHM results suggest that the G1 alloy nanoparticles are more 

uniform than the G0 alloy nanoparticles, which is also revealed by the smaller standard 

deviations of the G1 alloy nanoparticles’ maximum scattering intensity. 25 Au G0 is the 

least uniform alloy sample. The peaks of maximum scattering intensity are red-shifted 

around 100 nm compared to their counterparts in extinction spectra, which is due to 

different local dielectric environment or nanoparticles aggregations, as the aggregations 

of silver nanoparticles could lead to a large spectral red-shift (102 nm)25. As expected, 

the plasmon resonance redshifts with an increase in the ratio of gold in the alloy 

nanoparticles, with the exception of 50 Au G1 nanoparticles. This is similar to the trend 

observed for the peaks in their corresponding extinction spectra in solution as described 

in Chapter 2. Previous theoretical scattering spectra demonstrate that larger 

nanoparticles have higher scattering efficiency and longer wavelengths of maximum 

scattering intensity26. Overall, as the diameters of alloy nanoparticles increase (from G0 

to G1), the scattering intensity of nanoparticles with the same gold-silver ratio increases 

and the peaks red-shift. Meanwhile, it is noticeable that there are shoulder peaks 

appearing at 800 – 1000 nm, most apparently for the 75 Au G0 and 75 Au G1 alloy 

nanoparticles, which requires further investigation. 

It is expected that the scattering spectra of plasmonic nanoparticles at the 

individual particle level are not completely uniform, with the different composition and size 

of each nanoparticle affecting the observed plasmon resonance. Jing et al.27 report that 

maximum in scattering for three gold nanoparticles from the same dark-field image are 

540 nm, 580 nm and 620 nm. Therefore, we will need to acquire more scattering spectra 

from hundreds of alloy nanoparticles to conduct statistics analysis in order to reveal how 
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uniform our alloy nanoparticles are with respect to composition and element distribution 

in individual nanoparticles. 

 

Table 1. Summary of scattering spectra of gold-silver alloy nanoparticles. 

 

4.4 Preliminary Conclusion and Future Work 

In this chapter, we present the images of our synthesized gold-silver alloy 

nanoparticles with different gold-silver ratio by dark-field hyperspectral microscopy both 

in white light and laser mode. In addition, the light scattering spectra of alloy nanoparticles 

are shown and the trends of them are mostly aligned with the ones of our UV-Visible 

extinction spectra described in Chapter 2. The peaks redshifts with an increase in gold 

content, with the exception of 50 Au G1 nanoparticles. The G1 alloy nanoparticles have 

longer peak wavelengths than the corresponding G0 alloy nanoparticles because of their 

larger diameters. Although the sample preparation needs to be better optimized and the 

issue with the laser power in our dark-field microscope needs to be resolved, our 

preliminary data suggests that darkfield scattering will be useful to answer the question 

of how uniform our synthesized gold-silver alloy nanoparticles really are. With more 
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measurement and analysis, it is anticipated that the conclusions drawn from our 

scattering spectra of alloy nanoparticles and this characterization method based on dark-

field microscopy developed from our research group will be beneficial for the development 

of alloy nanomaterial science. 
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Chapter 5. Concluding Remarks and Future Directions 

 

This thesis concerns the synthesis, silver etching, and characterization by dark-

field microscope of gold-silver alloy nanoparticles. In the first research project (Chapter 

Two), we report a novel two-step method for the synthesis of uniform quasi-spherical and 

monodisperse gold-silver alloy nanoparticles with diameters around 80 nm. In step one, 

gold-silver alloy seeds (G0) with diameters around 30 nm are synthesized by citrate co-

reduction of gold acetate and silver nitrate. In step two, the seeds grow into large alloy 

nanoparticles with diameters around 80 nm by the combination of seeded growth and 

citrate co-reduction of gold and silver precursors. Our method makes use of gold acetate 

(rather than chloroauric acid) as a gold precursor to avoid the formation of silver chloride 

precipitates during synthesis. To our knowledge, we are the first to prepare gold-silver 

alloy nanoparticles with diameters above 70 nm using gold acetate as a gold precursor. 

The alloy seeds and seed grown nanoparticles show good control of size and composition, 

which enables tuning of the plasmonic band of these gold-silver alloy nanoparticles. Gold 

and silver are distributed uniformly within the cores of all Au-Ag alloy nanoparticles, while 

the surface is enriched in silver. This silver enriched surface layer is thicker and more 

prominent for 25% Au alloy nanoparticles than for 50% and 75% Au alloy nanoparticles. 

The second research project (Chapter Three) investigates the etching of our 

synthesized gold-silver alloy nanoparticles by BSPP. This project was inspired by the 

mechanistic study1 of photo-mediated triangular silver nanoprism growth. TEM and EDX 

measurements show that a novel nanostructure is formed after etching, where smaller 

silver nanoparticles were deposited on the surface of gold-silver alloy nanoparticles. The 
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proposed reaction mechanism consists of two steps: First, silver dissolution is facilitated 

by BSPP and a BSPP-Ag+ complex is formed; Second, the gold-silver alloy nanoparticle 

surface acts as a catalyst to facilitate the reduction of silver cations by nearby citrate ions. 

EDX-mapping results on 50% Au G1 nanoparticles demonstrate that the satellite 

nanoparticles are mainly composed of silver while the central core nanoparticles contain 

more gold than silver. In addition, the dealloying of 25%Au G1, 50%Au G1 and 75%Au 

G1 nanoparticles with BSPP is monitored by UV-Vis spectroscopy over time. 25%Au G1 

is the most active for dealloying while 75%Au G1 is the least active, which may be due to 

differences in the amount of silver ions formed at the nanoparticle surface. Although TEM 

data suggests that there is not a significant loss in size upon etching with BSPP, and thus 

the particles are porous, this needs additional confirmation. 

In the third research project (Chapter Four), we present our preliminary results of 

light scattering measurements of our synthesized gold-silver alloy nanoparticles with 

dark-field hyperspectral microscopy at the individual nanoparticle level. This study is at a 

very early stage and aims at investigating how uniform our alloy nanoparticles really are 

with respect to element distributions. Through the preliminary results of this study, light 

scattering spectra of alloy nanoparticles are shown and their trends are mostly aligned 

with the ones of our UV-Visible extinction spectra described in Chapter 2. The peaks 

redshift with an increase in gold content, with the exception of 50 Au G1 nanoparticles. 

The G1 alloy nanoparticles have longer peak wavelengths than the corresponding G0 

alloy nanoparticles because of their larger diameters. 

The future work on our gold-silver alloy nanoparticles includes the broader 

application of our synthesis method, such as attempting to synthesize alloy nanoparticles 
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with lower silver or gold content than reported in Chapter 2. The biocompatibility of our 

alloy nanoparticles should be examined by cell viability experiments. For the etching of 

alloy nanoparticles by BSPP, further evidence provided by TEM, EDX-mapping and UV-

Vis as well as control experiments are required to demonstrate the mechanism, optimal 

reaction conditions, and applications of the reported dealloying reaction. In addition, BET 

measurements are required to measure the surface area of the novel core-satellite 

nanostructures to demonstrate their porosity. For the light scattering study of alloy 

nanoparticles by dark-field microscopy, sample preparation needs to be better optimized 

and the issue with the laser power in our dark-field microscope needs to be resolved. 

More scattering spectra from hundreds of alloy nanoparticles are essential to conduct 

statistical analysis to reveal the compositional uniformity of our alloy nanoparticles. 

Overall, it is anticipated that our reported synthesis method of gold-silver alloy 

nanoparticles, the preparation of core-satellite nanostructures by BSPP etching and the 

light scattering study by dark-field microscope are beneficial for the advancement of alloy 

nanomaterial science. 
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