
 

 

 

 

SUBSTRATE-BASED NOBLE-METAL NANOMATERIALS: 

SHAPE ENGINEERING AND APPLICATIONS 

 

 

 

 

 

A Dissertation 

Submitted to 

the Temple University Graduate Board 
 

 

 

 

In Partial Fulfillment 

of the Requirements for the Degree 

DOCTOR OF PHILOSOPHY 

 

 

 

 

 

by 

Maryam Hajfathalian 

May 2017 

 

 

 

 

 

 

Examining Committee Members: 

 

Dr. Svetlana Neretina, Advisor, Mechanical Engineering, Temple University 

Dr. Parsaoran Hutapea, Co-advisor, Mechanical Engineering, Temple University 

Dr. Jie, Yin, Committee Chair, Mechanical Engineering, Temple University 

Dr. Huichun Zhang, Civil and Environmental Engineering, Temple University  

Dr. Eric Borguet, Department of Chemistry, Temple University 

Dr. David Cormode, Bioengineering Department, University of Pennsylvania 

Dr. Alireza Jahangir, External Reader, Bioengineering Department, Temple 

University 



ii 

 

ABSTRACT 

 

Nanostructures have potential for use in state-of-the-art applications such as 

sensing, imaging, therapeutics, drug delivery, and electronics. The ability to fabricate and 

engineer these nanoscale materials is essential for the continued development of such 

devices. Because the morphological features of nanomaterials play a key role in 

determining chemical and physical properties, there is great interest in developing and 

improving methods capable of controlling their size, shape, and composition. While noble 

nanoparticles have opened the door to promising applications in fields such as imaging, 

cancer targeting, photothermal treatment, drug delivery, catalysis and sensing, the synthetic 

processes required to form these nanoparticles on surfaces are not well-developed. Herein 

is a detailed account on efforts for adapting established solution-based seed-mediated 

synthetic protocols to structure in a substrate-based platform. These syntheses start by (i) 

defining heteroepitaxially oriented nanostructured seeds at site-specific locations using 

lithographic or directed-assembly techniques, and then (ii) transforming the seeds using 

either a solution or vapor phase processing route to activate kinetically- or 

thermodynamically-driven growth modes, to arrive at nanocrystals with complex and 

useful geometries. 

The first series of investigations highlight synthesis-routes based on heterogeneous 

nucleation, where templates serve as nucleation sites for metal atoms arriving in the vapor 

phase. In the first research direction, the vapor-phase heterogeneous nucleation of Ag on 

Au was carried out at high temperatures, where the Ag vapor was sourced from a 

sublimating foil onto adjacent Au templates. This process transformed both the 
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composition and morphology of the initial Au Wulff-shaped nanocrystals to a 

homogeneous AuAg nanoprism. In the second case, the vapor-phase heterogeneous 

nucleation of Cu atoms on Au nanocrystal templates was investigated by placing a Cu foil 

next to Au templates and heating, which caused the Cu atoms from the foil to sublimate 

from the foil and heterogeneously nucleation on the surface of the immobilized Au seeds. 

This process caused the composition and morphology of the Au Wulff-shape to transform 

into a homogeneous AuCu nanotriangle. Lastly, we characterized the morphological 

features and composition, optical properties, and also the catalytic and photocatalytic 

performance toward hydrogenation of 4-nitrophenolate.  

The second series of investigations highlight synthetic routes utilizing 

competencies of substrate-based techniques with colloidal chemistry. We have 

demonstrated two substrate-based syntheses yielding bimetallic nanostructures where 

shape control was achieved through (i) facet-selective capping agents and (ii) additive and 

subtractive process. In the first case a citrate-based cubic structure has been synthesized in 

the presence or absence of ascorbic acid and the role of each has been considered in shape 

control. Reactions were carried out in which Ag+ ions were reduced onto substrate-

immobilized Ag, Au, Pd, and Pt seeds. It was discovered that for syntheses lacking ascorbic 

acid, citrate acts as both the capping and the reducing agent, resulting in a robust nanocube 

growth mode; however, when ascorbic acid was included in these syntheses, then the 

growth mode reverted to one that advances the octahedral geometry. The conclusion of 

these results was that citrate, or one of its oxidation products, selectively caps (100) facets, 

but where this capability was compromised by ascorbic acid. In the second case, galvanic 

replacement reactions have been carried out on immobilized cubic and Wulff structures to 
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create the substrate-based nanoshells and nanocages, where the prepositioned templates 

were chemically transformed into hollow structures. In this novel research, Wulff-shaped 

templates of Au, Pt, or Pd, formed through the dewetting of ultrathin films, were first 

transformed into core−shell structures through the reduction of Ag+ ions onto their surface 

and then further transformed through the galvanic replacement of Ag with Au. Detailed 

studies were provided highlighting discoveries related to (i) alloying, (ii) dealloying, (iii) 

hollowing, (iv) crystal structure and (vi) the localized surface plasmon resonance (LSPR).  

Overall, a series of synthetic strategies based on physical and chemical vapor 

deposition were devised and validated to achieve novel substrate- based nanomaterials with 

different shapes and compositions for a variety of applications such as sensing, plasmonics, 

catalysis, and photocatalysis. The novel research in this dissertation also takes advantage 

of competencies of substrate-based techniques with colloidal chemistry and, brings this 

rich and exciting chemistry and its associated functionalities to the substrate surface. 
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CHAPTER 1 

1. INTRODUCTION 

1.1. Overview and Background 

Nanomaterials consist of materials that have at least one dimension that is on the 

order of one billionth of a meter (i.e., 10-9 m). When such materials are utilized in science, 

engineering, and technology, we refer to this as nanotechnology. Many of the ideas and 

concepts behind nanotechnology and nanoscience were popularized in a talk by American 

physicist Richard Feynman entitled, “There’s Plenty of Room at the Bottom”, which was 

presented at an American Physical Society meeting at the California Institute of 

Technology in 1959, long before the term nanotechnology was used. In his talk, Feynman 

described processes capable of manipulating specific atoms and molecules. It was nearly 

ten years later when Japanese Professor Norio Taniguchi, who was exploring ultraprecision 

machining, coined the term  nanotechnology [1].  

The primary advantage of nanotechnology is that there exists a strong dependency 

of property on the size and shape of materials. Therefore, by deploying such nanomaterials, 

scientists and engineers can, for example, engineer materials that are lighter, stronger, more 

durable, more reactive, to have superior electrical, and also enhanced mechanical and 

physical properties. In addition, nanotechnology and nanodevices can improve our ability 

to detect and control individual atoms and molecules. In nanotechnology, a particle is a 

unit of material which behaves as a single entity with respect to its chemical and physical 

properties. Particles are often categorized based on their size. Particles with the size range 

of 100-2500 nm are called fine particles; however, particles over 2500 nm are named coarse 

particles and they are of little relevance to the current research. Particles with dimensions 
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in the range of 1-100 nm are specifically referred to as nanoparticles. This definition is not 

rigid, as particles that are somewhat larger (i.e., sub-micrometer) are often referred to as 

nanoparticles as well [2, 3].  

Nanoparticles are very interesting since they possess characteristics that connect 

bulk- and atomic-scale properties. Such properties can be exploited for a variety of 

structural and non-structural applications such as sensing, imaging, therapeutics, drug 

delivery, and electronics. The wide variety of these applications is related to the unique 

and beneficial chemical, physical, and mechanical properties that nanomaterials possess. 

The ability to fabricate and engineer these nanoscale materials will inevitably lead to their 

further development as well as fundamental studies which characterize and explain their 

properties.  

This dissertation focuses on the synthesis, shape-engineering, and applications of 

noble metal nanoparticles. It introduces new structures of substrate-based nanomaterials 

whose characteristics such as size, shape, composition, structure, porosity, and faceting are 

tunable and measurable. In particular, it will focus on the Group 10 and 11 transition metals 

(Au, Ag, Cu, Pt, Pd) shown in Figure 1.1.  

Figure 1.1 The periodic table. Boxed in yellow color are Groups 10, 11 (Cu, Pd, Ag, 

Pt and Au), which include the elements of interest in this dissertation. Figure provided 

by Ali Yaghoubzade. 
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1.2. Synthesis of Nanomaterials 

Two methods, top-down and bottom-up, are 

different approaches for the formation of nanoparticles. 

In the former, nanoparticles are fabricated from micro- 

or bulk-scale materials. Ball milling process is one 

example that uses this method. However, in the second 

method atoms or molecules are the fabricating 

elements of the nanoparticles; the atoms join to one 

another to form nano-sized materials (Figure 1.2). The 

bottom-up approach has the advantage of fabricating 

nanostructures with fewer defects and more 

homogenous chemical composition [4]. 

There are also other synthesis methods like 

lithography, which use combinations of the two 

fabrication approaches and are considered as hybrid 

methods. In this case, the growth of thin films is 

bottom-up; however, the etching part follows the top-

down route [5].  

In this dissertation, bottom-up methods were 

adopted in order to carry out shape-engineering of 

nanoparticles. These methods can be divided into (i) 

vapor phase methods and (ii) solution phase methods. A more detailed explanation of these 

methods is provided in sections 1.2.1 and 1.2.2. 

Figure 1.2 Schematic 

representation of the ‘bottom up’ 

and ‘top down’ synthesis 

processes of nanomaterials. 

Figure provided by Ali 

Yaghoubzade. 
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1.2.1. Physical Vapor Deposition for Supported or Substrate-Based Nanoparticles 

When vapor phase nanoparticle synthesis methods are implemented, the material 

goes from a solid phase to a gas phase and then back to a thin film solid phase. The gas 

phase flow of materials is typically heated to trigger the decomposition of the different 

compounds. As a result, reactive molecules or vapor-phase atoms are generated. These 

molecules or atoms serve as the basis of particle nucleation. Substance delivery may occur 

as vapor or as solid particles.  

In vapor phase methods, nanoparticles are formed as a result of thermodynamic 

instability of the vapor phase mixture relative to the formation of solid material, which 

nucleate directly from the vapor phase [4, 5]. Sputter deposition [6], arc discharge [7], laser 

ablation [8], thermal evaporation [9], and electron beam based methods [10] may be 

adopted to source the metal vapor to a substrate. 

1.2.2. Solution-Phase Synthesis of Nanoparticles  

The solution-phase synthesis of metal nanoparticles was first investigated by Michael 

Faraday in the 1850s, in an attempt to reduce gold chloride with phosphorus in water to 

prepare Au colloidal nanoparticles [11]. However, solution-phase techniques and related 

protocols have been a challenge due to the fact that the as-formed colloids typically suffer 

from poor polydispersity, ill-defined shapes, and insufficient morphologies. Despite these 

challenges, the last decade saw an increasing interest in solution-phase methods as a strong 

and straightforward method for generating shape-controlled metal nanocrystals. Such well-

defined structures are ideal for investigating their shape-property relationships [12].  

As reflected by their name, solution phase reactions are carried out in a solvent thereby 

giving colloidal particles as the product, in which various phenomena such as nucleation, 
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growth, reduction and agglomeration can occur simultaneously [13]. Solution-phase 

methods are commonly carried out when heating chemical reagents such as metal 

precursors, reducing agents, surfactants, ligands, or other reactive species may contribute 

to start formation of particles. Moreover, capping agents, which are strongly adsorbed  to 

the surface of particles, are meant to restrict the growth of particles and control their size 

[12, 14]. Importantly, in solution phase synthesis, the uniform and mono-disperse 

nanoparticles are to be achieved, when the process is done at well-controlled kinetic and 

thermodynamic regimes [12]. 

1.2.3. Dissertation Outline 

As an initial step of the synthesis, we used nanocrystal seeds derived from the vapor 

phase in this research. This involves the sputter deposition at ambient temperatures of a 

metal onto an oxide substrate, which is the method used throughout this dissertation. When 

the vapor contacts the oxide surface, the metal atoms tend to accumulate on the surface 

thereby forming a thin metal film. The film is then subjected to a heating regime, which 

initiates solid-state dewetting and forms isolated surface-based nanoparticles. Briefly, 

these syntheses start by defining heteroepitaxially oriented nanostructured seeds at site-

specific locations using lithographic or directed-assembly techniques, and then 

transforming the seeds using either a solution or vapor phase processing route to activate 

kinetically- or thermodynamically-driven growth modes, to arrive at nanocrystals with 

complex and useful geometries. 

 



6 

The outline of this dissertation to research shape engineering of nanoparticles are 

as follows: 

 Chapters 2 focuses on various methods of shape engineering of colloidal 

nanomaterials. It describes wide variety of viable chemical species, which can 

be as capping agents, surfactants and other adsorbates, along with other process 

like kinetically controlled reaction, underpotential deposition, and particle 

attachment. 

 

 Chapter 3 describes the synthesis-routes based on heterogeneous nucleation of 

nanoparticles on substrate, and discusses the advantages of substrate-based 

nanomaterials versus the colloidal-based nanostructures.  

 

 Chapter 4 presents the shape engineering of nanomaterials which has been 

done through vapor-phase heterogeneous nucleation of Ag on Au, transforming 

the Au Wulff-shaped nanocrystals to a homogeneous AuAg nanoprisms. The 

indirect hydrogen sensing properties of these structures are also presented. 

 

 Chapter 5 introduces the vapor-phase heterogeneous nucleation of Cu atoms 

on Au nanocrystal templates. This process causes the composition and 

morphology of the Au Wulff-shape to transform into a homogeneous AuCu 

nanotriangle. The optical properties, catalytic and photocatalytic performance 

toward hydrogenation of 4-nitrophenolate has also been investigated.  

 

 Chapter 6 presents the shape engineering of noble metals which utilizes 

competencies of substrate-based techniques combined with colloidal chemistry. 
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In this research with introducing  citrate as both capping agent and reducing 

agent, the shape engineering of cubic core-shell structures on substrate with 

different compositions was achievable. 

 

 Chapter 7 introduces the new structures such as nanoshells, nanocages, and 

nanoframes along with their plasmonic applications. The galvanic replacement 

reaction has carried out on immobilized cubic and Wulff structures to 

demonstrate the substrate-based nanoshells and nanocages. 

 

 Chapter 8 describes a series of unpublished studies related to the synthesis and 

development of a novel colloidal gold nanocages as a contrast agent.  

 

 Chapter 9 presents conclusions, the proposed future work, and also the  

list of publications of the author are provided at the end of the dissertation. 
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CHAPTER 2 

2. SHAPE ENGINEERING OF NANOPARTICLES 

2.1. Introduction 

As discussed in the last chapter, solution phase methods can be used to synthesize 

all types of colloidal or solution-phase nanoparticles, especially metal nanostructures. The 

shape and size of solution phase nanoparticles dictate their properties which can be used in 

different applications. The solution phase methods offer many advantages including the 

control of shape and size of nanoparticles; hence these methods have been at the center of 

attention of scientists for more than a decade [12].  

Well-defined and shape-controlled nanoparticles are vital elements for complex 

and versatile applications such as photochemistry [15], catalysis [16, 17], energy 

harvesting [18], ultra-high contrast biological imaging [19], cancer therapy [20], surface 

Figure 2.1 Some applications of the shape-

engineered nanoparticles. Figure provided by Ali 

Yaghoubzade. 
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enhanced Raman spectroscopy [21], plasmon mediated nanostructure growth [22], and 

solid state hot-electron based solar cells [23] and many others (Figure 2.1) [24].  

In the course of tuning the shape and thus the properties of nanomaterials, noble metals 

were among the first materials that have been investigated by many scientists in different 

fields [25]. This research will also focus on shape engineering of noble metals on inert 

oxide substrates.  

Nanocrystals can be formed in a variety of shapes including triangle, sphere, cube, star, 

dot, rod, prism, hexagon, among others. Different shapes arise from the nucleation and 

growth methods of nanoparticles at the atomic scale. The higher amount of atoms at the 

surface of nanoparticles, in comparison to those in bulk, help the nanocrystals possess 

unique properties [12]. For instance, one of the special properties of the nano-sized 

materials is having chemically active sites (i.e. high surface area and low coordination of 

surface atoms) that can potentially enhance catalytic activity [25]. 

An overall picture of shape engineered nanoparticles will be presented in this chapter. 

2.2. Shape Dependent Properties 

 The overall shape of a nanoparticle is dictated by its faceting and crystallinity. The 

reactivity and stability for each facet are different since each facet has a different 

coordination and packing symmetry. In the solution phase synthesis, while nanoparticles 

nucleate and grow, they try to minimize their total surface energy to attain what is referred 

to as a thermodynamic shape. In regards to a metal with a face-centered cubic (fcc) structure 

(the structure of the noble metals which will be discussed in this research), the surface 

energy of low index facets increase in sequence of {111} < {100} < {110} [25]. Since high 

index facets are not stable in comparison with the low index facets, Gibbs presented a 
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relatively simple mathematical interpretation in 1878 that showed a solution for that can 

be achievable if the most stable facets (111)-, (100)- and (110) just considered as a shape 

of nanocrystals. Therefore, the fcc-metal nanocrystals inclined to develop shapes with a 

surface covered by a combination of both {111} and {100} facets to gain an equilibrium 

shape of nanocrystals which is called the Wulff 

configuration [26]. Figure 2.2 illustrates an example of a 

typical low surface energy Wulff shape including both 

{111} and {100} facets.  

Regarding the engineering and thus control over the 

shape of metal nanoparticles, the particular facets (110), 

(100) and (111), depending on desired shapes, should be 

passivated. For example, the octahedron shape of 

nanoparticles is achievable when an fcc nanoparticle has 

been covered with all (111) facets, or a cubic structure has all (100) facets. 

2.2.1. Adsorbates and Shape Engineering 

To control the shape of colloidal nanoparticles, one of the best methods involves 

introducing an adsorbate to the reaction mixture before the homo- or heterogeneous 

nucleation process. Recent research has shown a wide variety of viable chemical species 

(e.g., gasses, ions, polymers) can be used as capping agents, surfactants and other 

adsorbates for nanoparticle shape engineering [12, 25]. 

  

Figure 2.2 An 

equilibrium shape of Wulff 

Configuration comprised of 

both (100)- and (111)-

facets. Figure provided by 

Ali Yaghoubzade. 
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2.2.1.1. Capping Agents  

Introducing a capping agent is one of the most practical methods to control the 

shape of metal nanoparticles [25]. When the nanocrystals are in the growth mode, this type 

of chemical compound can attach to specific facets of the crystal. The direction of synthesis 

will change since the binding of a capping agent alters the ratio between the specific surface 

free energies of various low index facets. Control over the shape of nanocrystals using 

capping agents could also be related to the growth rates of nanoparticles along the different 

crystal orientations.  

 As an example, Xia and his colleagues stabilized {100} facets of Ag nanocrystals 

by introducing poly vinyl(pyrrolidone) (PVP), and 

bromide ions as a capping agent that adsorbs onto the 

{100} facets of various noble metals [12]. This 

process helps to generate nanocubes and nanobars 

with only {100} facets. It has been shown by Kim and 

his coauthors that Au@Pd nanocubes could be 

synthesized by employing a capping agent called 

cetyltrimethylammonium bromide (CTAB) [27]. It 

results in nanocubes with uniform and controllable sizes. In Chapter 7 of this dissertation, 

we also discuss the synthesis of sharp Ag nanocubes grown from seeds attached to a 

sapphire substrate, by introducing trisodium citrate (Na3CA) as a (100) capping agent 

(Figure 2.3). 

 

Figure 2.3 Au@Ag core–

shell nanocube formed in a seed-

mediated synthesis where citrate 

plays the dual role of reductant 

and capping agent. SEM image 

taken by Maryam Hajfathalian. 
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2.2.1.2. Surfactants 

Colloidal syntheses utilize a variety of different salts and reducing agents. For 

instance, some aqueous surfactant systems like sodium dodecyl sulfate (SDS) are used to 

reduce metal salts such as AgNO3 or HAuCl4. Depending on the amount of surfactants and 

the existence of other chemicals such as co-surfactants, the engineering of the shape of 

nanoparticles is achievable. Surfactants can have a non-polar tail and/or a polar group, 

which is helpful to change the shape of nanoparticles or assemble them in a way to make a 

rod or a spherical morphology [25]. Jana and his colleagues in 2001 introduced the role of 

co-surfactants in the synthesis of Au nanorods [28]. They showed that using a co-surfactant 

(tetradodecylammonium bromide) and cetyltrimethylammonium bromide (CTAB) to 

synthesize Au nanorods improves the shape engineering of gold nanorods with controllable 

aspect ratios. In this case, the aspect ratio was tunable by introducing a more co-surfactant.  

2.2.1.3. Small Adsorbates 

Surfactants and capping agents are not the only types of chemical species that can 

selectively adsorb onto crystal facets. In many conditions, the shape of metal nanocrystals 

can be effectively altered by adding small molecules that express the same preferential 

binding. For example, the addition of nitrogen dioxide (NO2) to the heterogeneous epitaxial 

growth of Pd on Pt seeds has been shown to stabilize the {111} facet. In this case, 

introducing NO2 on the surface of Pd results in a cuboctahedral shape since it can change 

the growth rates along the <100> and <111> directions. It has been shown that without 

using NO2, the product was Pd nanocubes, however adding the NO2 to the system caused 

Pd cuboctahedra and octahedral to be synthesized [29].  
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2.2.2. Underpotential Deposition  

The electrodeposition of a thin film of a metal on another metal substrate at 

potentials that can be strongly less negative than the equilibrium is known as underpotential 

deposition (UPD). UPD is one of the ways that has been used to synthesize shape and size-

controlled metal nanoparticles. For instance, Personick and colleagues explored the shape 

control of Au nanoparticles by Ag underpotential deposition [30]. In this situation, the 

reduction of a monolayer of Ag on Au surface by UPD, has affected the growth of 

nanoparticles. They showed that Ag underpotential deposition is responsible for selectively 

stabilizing {310}, {110}, or {720} facets, controlling the shape of nanoparticles.  

2.2.3. Kinetically Controlled Overgrowth 

Kinetically controlled reactions have been studied as a new synthetic protocol to 

control the shape of metal nanoparticles in the last decade. This method changes the growth 

rate of the reaction and thus the deposition rate of atoms on the surface of the nanoparticles. 

The shape engineering of nanomaterials, which uses kinetics to control the reaction, can be 

achieved by the following conditions:  

1) Simultaneous change of the reduction and/or deposition rate of atoms 

2) Combining the reduction with an oxidation process  

3) Applying a tremendously weak reducing agent 

Different shape of nanoparticles has been controlled kinetically [24]. For instance, 

in 2011, Lim and his colleagues have shown that making features such as high-index facets, 

branched and concave structures which are not favorable thermodynamically can be 

generated by control of the reaction’s kinetics [31]. One of the structures that produced by 

controlling growth kinetics was Pt multipods. 
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Another example of shape engineering using kinetically controlled reaction has 

been done by Gilroy and his colleagues for the 

synthesis of shape-controlled AuAg nanocrystals 

with high and low-index facets [32]. Their 

platform utilized the heterogeneous nucleation of 

Ag on Au immobilized seeds. Generating 

anisotropic shapes with the kinetically controlled 

reaction was achieved when the rate of the reaction 

was carried out in the three different modes: slow, 

moderate and fast. They have reported that an AuAg bimetallic heterodimer structure is 

formed when the synthesis is carried out at slow kinetics. In this case, a layer-by-layer 

deposition of Ag on a small part of a {100} Au facet has been observed. In the moderate 

mode, an Au@Ag structure with an octahedral geometry is observed through the plating 

of Ag on all {100}- Au facets. Finally, fast kinetics gave rise to Au@Ag core-shell 

structures that had a conformal growth pattern, i.e., a gold seed that is enveloped with a 

thin layer of Ag (Figure 2.4) . 

2.2.4. Particle Attachment  

When small particles which have higher surface energy, strong mobility, and higher 

chemical potential make contact with each other, particle attachment can happen to reduce 

surface area and accordingly the surface energy. Recently, Lim and coauthors proposed 

this mechanism to form a bimetallic nanodendrite which consists of a Pd nanocrystal core 

attached by Pt branches [33].  

Figure 2.4 Shape engineering 

of AuAg nanocrystals at different 

kinetic rates. Figure provided by 

Kyle Gilroy. 
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Another example of utilizing particle attachment mechanism to synthesize and 

shape engineer nanoparticles has been documented by Ye and his colleagues [34]. They 

generated highly branched chestnut-bur-like Pd nanostructures using the particle 

attachment method, offering particular catalytic properties. The catalytic active sites of 

these unique structures result in a significant electrocatalytic activity. 

The syntheses which was carried out in this dissertation utilize shape engineering 

methods to control the size, composition and the shape of nanomaterials on substrate-based 

nanoparticles. In next chapter, the focus will be on seed-mediated methods and the number 

of benefits of using immobilized seeds. 
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CHAPTER 3 

3. DEWETTING PROCESS 

3.1. Thermal Dewetting and Random Structures 

 Thermal dewetting is an important process occurring at a liquid–liquid or solid–liquid 

interface. It generally points to the rupture of a thin liquid film on a substrate leading to the 

formation of droplets or agglomerated nanoparticles due to the heating process.  

In this method, the vapor phase of a high surface energy material (i.e., a metal) is 

deposited on a low surface energy substrate (i.e., an oxide), using sputter coater (Figure 

3.1). This results in the formation of a 

metastable state metal thin film where 

atoms are locked in their position due to 

kinetic barriers. If the sample is heated, 

atoms gain sufficient energy to overcome 

kinetic barriers, which allows the atoms to 

go to the equilibrium position, resulting in 

the  agglomerated nanoparticles [35].  

This process needs a tube furnace to dewet a thin film at high temperature around the 

melting point of metal nanoparticles. The tube furnace is equipped with heating elements 

and thermocouples to heat the samples. The samples are placed in a quartz tube and loaded 

into the furnace and argon gas flowed through the tube to have an inert atmosphere as 

shown in Figure 3.2.  

Figure 3.1 An image of the sputter 

coater. Picture taken by Maryam 

Hajfathalian. 
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Thermal dewetting is one of the most 

straightforward procedures for synthesis of substrate-

based metal nanoparticles. In this research, 

immobilized seeds (Au, Ag, Pt, Pd) on solid 

substrates were prepared in this way.  

  Figure 3.3 describes the thermal dewetting 

process to get the random structures. Firstly, a metal (e.g. Au) is deposited on an oxide 

surface (e.g., Sapphire or YSZ) and then it is subsequently subjected to a heating stage 

(Figure 3.3a). A tilted-view SEM image of the well-separated Au NPs on (0001)-sapphire 

is shown in Figure 3.3b. There are many parameters which influence the size, shape and 

crystal orientation of the dewetted nanoparticles such as deposition rate, heat treatment 

process, film thickness, and some impurities.  

Despite its suitability for fabrication of metal nanoparticles on substrates, thermal 

dewetting has some disadvantages that should be considered. In the next section, a 

technique is shown which can manipulate the negative points to gain well-faceted and 

organized nanostructures.  

Figure 3.3 The schematics of generating substrate-based nanoparticles, utilizing 

the thermal dewetting method. a) The sputter deposition of a Au ultrathin film and 

thermal deweted Au nanoparticles. b) The SEM image of the Au nanoparticles on a 

[0001]-oriented sapphire substrate. Figure 3.a is provided by Ali Yaghoubzade. 

Figure 3.2 An image of the 

quartz tube furnace. Picture taken 

by Maryam Hajfathalian. 
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3.2. Dynamic Templating 

Dynamic Templating is a technique developed by our group in 2013 [35]. This method 

presents a reliable and straightforward process of making organized nanoparticles. Wide 

size distribution and lack of control over the placement of nanostructures in thermal 

dewetting are among some of disadvantages of this method. To overcome these barriers, 

this technique was devised by our group [35]. It is a simple, inexpensive, and versatile 

templated assembly route capable of forming metal nanoparticles on a substrate surface in 

periodic arrays. It consists of five steps as follows (Figure 3.4): 

a. Placement of a shadow-masking on the substrate;  

b. Sputter deposition of antimony through the shadow mask; 

c. Sputter deposition of a metal through the shadow mask; 

d. Formation of antimony-metal pedestals on the substrate by removing the mask;  

e. Heating the sample for antimony sublimation and metal assemblage at the center of 

the pedestal location to attain a periodic array (Figure 3.4-1).  

The following key requirements should be met for governing assembly mechanisms 

(Figure 3.4-2): 

(i) Sublimation or evaporation of materials from the pedestal through sublimation  

(ii) The impediment of the sublimation process by material at the top the pedestal, 

losing some material from the pedestal sides 

(iii) Fabrication of the agglomerated material [36].  

The process is heavily reliant on maintaining a capping layer to inhibit the 

sublimation through the pedestal top while allowing for the loss of antimony from the sides. 

This leads to a highly anisotropic sublimation which continuously reduces the top surface 



19 

area of the pedestal. The reduction continues until all the material is driven to the center, 

forming a single metal nanostructure. At last, the whole sacrificial antimony layer is lost 

by virtue of sublimation and/or evaporation. The final product is depicted in Figure 3.4, 

where an array of gold nanoparticles is formed on a sapphire substrate. The array of Au 

nanoparticles is also shown in the SEM image. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1) 2) 

3) 

Figure 3.4 -1) The dynamic templating process schematic. (1a) Placement of a 

shadow-mask on the substrate, (1b) Sputter deposition of antimony layer, (1c) the 

deposition of a gold layer, (1d) the mask removal, (1e) the sample is heated to 1085◦C, 

(1f) a periodic array of gold nanoparticles. Schematics 2a-c show the assembly 

mechanism. 2a) Heating the sample to induce antimony sublimation and metal 

assemblage at the center of  the pedestal location to attain a periodic array, (2b) a 

forced inward diffusion of the Au atoms, 2c) the Au assembles into a single particle. 3) 

A picture on the left and SEM image on the right show an array of gold nanoparticles 

formed on a sapphire substrate. Figure taken from 35 and 36. 



20 

Although this method resolved some restrictions of thermal dewetting to maintain 

organized nanoparticles and controllable size distribution, it hinders material 

characterization and device development in large surface area.  One of the important 

features of substrate-based nanomaterials to apply them in different applications is utilizing 

different nanoparticles size and density.  With this method, a large surface area covered 

with high density arrays of nanoparticles is 

not achievable. The overall surface area 

that covered with Dynamic Templating 

method is equal to the size of the TEM 

grids with 2 mm diameter that are used as 

the shadow mask. This weakness results in 

many limitations for device fabrication and 

other applications of nanoparticles. 

Our group has followed a new method to overcome these defects with combining 

Nanoimprint Lithography and Dynamic Templating. This will bring the opportunity to 

produce dense, large-area arrays with small nanoparticle sizes (Figure 3.5). 

 The dewetting process of metal nanoparticles on oxide substrates along with the 

advantages and disadvantages are discussed in Chapter 3. In this dissertation, the synthesis 

methods for particle arrangement to have the well-defined shape of nanoparticles utilized 

the approaches presented here.  Particularly, Chapters 4 and 5 describe vapor-phase 

heterogeneous nucleation of Ag on Au and Cu on Au on sapphire substrates, transforming 

the Au Wulff-shaped nanocrystals to a homogeneous AuAg nanoprisms and AuCu 

nanotriangular structures. 

Figure 3.5 SEM image of Au dense 

arrays. Image taken by Maryam 

Hajfathalian. 
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3.3. Competencies of Substrate-Based Techniques with Colloidal Chemistry 

Quick and permanent attachment of nanoparticles to a solid substrate may be performed 

by any of the aforementioned methods for the synthesis of nanoparticles. A variety of 

substrates (e.g. yttria stabilized zirconia (YSZ), MgAl2O4, (La0.18Sr0.82)(Al0.59Ta0.41)O3, 

LaAlO3, and Al2O3) are capable of withstanding high temperatures and are, therefore, 

suitable for the present study. After preparation of immobilized seeds on a substrate, 

depending on the desired shape and composition, a further procedure is introduced to the 

seeds to generate the new shape of nanoparticles. In Particulare, the synthetic achievements 

in Chapter 6 and 7 of this dissertation are reliant on solution-based chemistry and substrate-

based processing techniques.  

Herein, an overview of this technique as a new strategy, which has been developed by 

our group [37], along with the advantage of competencies of substrate-based methods with 

colloidal chemistry and some advantages of substrate-based immobilized templates versus 

colloidal nanoparticles is presented. This strategy not only demonstrates a family of 

nanostructures unobtainable through other means, but also establishes a synthetic 

foundation that offers unprecedented flexibility, expands the palette of accessible template 

materials, provides a new vantage point from which complex reactions occurring in liquid 

media can be examined, and has the potential to underpin photovoltaic, catalytic, and 

sensing applications reliant on substrate-based noble metal nanostructures [37]. 
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3.3.1. The Synthetic Strategy and Advantages of Substrate-Based Metal 

Nanoparticles  

The presented strategy takes advantage of an impressive collection of seed-mediated 

solution-based protocols in which dispersed seeds direct noble metal nanostructure 

formation along orderly reaction pathways. It, however, replaces the seed colloid with 

substrate-immobilized templates formed in periodic arrays where the crystallographic 

orientation of the templates is defined by an epitaxial relationship with the substrate.  

 

 

Figure 3.6 shows a schematic of the three-stage process used to define periodic arrays 

of noble metal nanostructures with complex architectures. The overall process uses (i) a 

lithography-defined shadow mask to fabricate nanostructured precursors at site-specific 

locations, (ii) directed assembly to transform them into single crystal templates with an 

orientation defined by epitaxy, and (iii) solution-based chemistry to transform them into 

Figure 3.6 Three stage synthesis strategy as it pertains to the synthesis of 

substrate-based nanostructures comprised of Au and Ag. Figure taken from 37. 
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complex nanostructures. The overall process can be carried out in less than 4 h, where the 

processing demands and instrumentation requirements for any given stage are minimal.  

In the first stage, physical vapor deposition is used to deposit precursors through a 

shadow mask. Removal of the mask leaves a periodic array of pillars consisting of a 

sacrificial material topped with a thin layer of a noble metal as described in the last section. 

This stage is crucial to the overall strategy in that it imposes a periodicity onto the assembly 

process and, by defining the number of noble metal atoms in each structure, determines the 

final template size and ensures monodispersity.  

In the second stage, the pillars are introduced into a quartz tube furnace and subjected 

to a heating regimen carried out in an inert gas. At this stage, the sacrificial material is lost 

as the noble metal atop each pillar agglomerates into a single crystal nanostructure whose 

orientation is defined by an epitaxial relationship with the substrate material. When acting 

as templates for solution-based growth modes, these structures distinguish themselves from 

those used in seed-mediated colloidal protocols. In contrast to seed colloids, these 

substrate-based templates can enter solution-based reactions with pristine surfaces or ones 

functionalized to promote a desired growth mode, where the requirement of having to play 

the dual role of stabilizing agent is lifted because nanoparticle aggregation is negated when 

the templates are substrate-immobilized. When a crystalline substrate is used, it can 

promote an ordered arrangement of nanoparticle atoms that is commensurate with the 

crystallography of the underlying substrate. This so-called epitaxial relationship can give 

rise to the formation of nanoparticles with a specific crystallographic orientation and 

facilitate adhesion strong enough to resist sonication. When such templates are 

crystallographically aligned with the substrate it can potentially give rise to photoactive 
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surfaces with polarization-dependent properties. The intimate contact at the 

substrate−template interface can promote unobstructed electron injection into the substrate 

material or catalytic reactions requiring the participation of both the nanostructure and its 

support [38]. When colloids are dispersed onto a substrate, similar effects can become 

obstructed by capping agents or substrate surface agents that have been applied to promote 

adhesion. Template orientation can be manipulated by varying the crystallographic 

orientation of the substrate. With the assembly process being amenable to a wide variety 

of template materials [35] this route also expands the number of materials that are readily 

accessible to solution-based growth modes. Simultaneously advancing the colloidal 

chemistry for an equivalent number of seed materials is, in comparison, a cumbersome 

task. 

In the third stage, the substrate-bound templates are transferred to a liquid medium in 

order to carry out a synthesis adapted from one of the great many solution-based seed-

mediated protocols [39] able to transform arrayed templates into more intricate geometries. 

To date, the syntheses performed have been water-based reactions carried out in simple 

glassware at temperatures near the boiling point. For the purposes of this research, these 

growth pathways are classified into (i) additive processes where material is deposited onto 

the template, (discussed in Chapter 6), (ii) subtractive processes where the template is 

consumed, and (iii) multistage processes that combine the additive and subtractive 

strategies in a sequential manner, (discussed in Chapter 7). Paramount to the overall 

synthesis strategy is the abundance of chemical controls offered by these solution-based 

growth modes that are otherwise inaccessible to substrate-based processing.  
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Apart from the intrinsic advantages derived from the utilization of solution-based 

growth modes, there exist synergistic benefits when practicing these various techniques in 

combination. Significantly,substrate immobilization allows for surfactant-free syntheses or 

aggressive cleaning procedures capable of removing ligands from the nanostructure once 

a synthesis is complete. In doing so, it is possible to counteract the negative impact that 

ligands can have on catalytic activity, [40] photoluminescence, [41] surface enhanced 

Raman scattering sensitivities, [42] and the lifetime of resonantly excited hot electrons 

[43]. Another key advantage stems from the fact that the reaction can be rapidly paused or 

terminated through the removal of the substrate from the reaction vessel or redirected by 

its subsequent reinsertion into a second chemical environment. 

Alternatively, an anchored substrate allows various reactants and byproducts to be 

flowed into and out of the reaction vessel. Template immobilization also facilitates the 

application of directional electric fields or polarized electromagnetic radiation to templates 

as they undergo reaction, a capability that allows for electrochemical and photochemical 

controls to be placed on the synthesis. The reaction environment can also be altered by 

utilizing substrates that are insulating, semiconducting, and metallic, an influence that can 

provide an electron transfer pathway or expose nanostructures to highly asymmetric 

dielectric environments. 
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CHAPTER 4 

4. VAPOR PHASE NUCLEATION OF AG ONTO AU 

4.1. Introduction and Motivation   

Photonic surfaces comprised of substrate-immobilized noble metal nanostructures 

provide the means to advance numerous catalytic, [44, 45] photovoltaic [46] and sensing 

applications [47]. Nanostructures with shape anisotropies, such as nanorods and triangular 

nanoprisms, are particularly attractive to such applications due to the high tunability of the 

plasmon resonance. Nanoprisms are further valued for the intense plasmonic near-fields 

formed at the triangle tips [48], a response that can be further amplified by placing two 

such structures in close proximity in a bow tie configuration [49]. There is also growing 

interest in the use of these structures as templates capable of defining more intricate 

nanostructure geometries [50]. Mirkin and co-workers, using a solution-based 

photochemical synthesis, were the first to synthesize triangular nanoprisms in high yield 

[51]. The discovery spurred on considerable interest and activity which has recently given 

rise to the emergence of seed mediated protocols offering higher yields, greater 

monodispersity, an increased size range and synthetic simplicity [52]. Even though 

solution-based routes have proven extremely successful in the synthesis of noble metal 

nanoprisms, many of the aforementioned applications require that such structures be placed 

on substrate surfaces. While the dispersal of these nanoprisms onto planar substrates is 

relatively straightforward, it results in structures which are positioned randomly on the 

surface [53], or which form an uncontrolled self-assembled pattern. Lithographic 

techniques have been used to define nanoprisms at site-specific locations [54], but these 

approaches can have limitations associated with long processing times, high cost and the 
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low quality factors associated with the localized surface plasmon resonance (LSPR) of 

polycrystalline structures [55]. Recognizing the benefits of placing single crystal 

nanoprisms onto a substrate surface in an organized manner, Zhou et al. lithographically 

defined triangular trenches into a substrate which were able to accept nanoprisms dispersed 

in an evaporating droplet [56]. While impressive, the surfaces of these structures remain 

coated with capping agents which can negatively impact nanostructure properties [57, 58]. 

Fabricating periodic arrays of noble metal nanoprisms that are surfactant-free, substrate-

immobilized, and single crystalline is, therefore, a synthetic challenge which has not 

previously been met. Physical vapor deposition (PVD) or assembly routes based on solid 

state dewetting, when carried out on substrates which support an epitaxial relationship, all 

allow for island growth modes yielding single crystalline nanostructures [59]. While 

forming [111] oriented noble metal nanostructures is relatively straightforward using these 

techniques, the structures formed do not typically take on the nanoprism geometry. This is 

a consequence of the fact that island formation is reliant on high temperature solid state 

diffusion processes which support the formation of nanostructure geometries with low 

surface energies realized through a combination of minimizing the surface-to-volume ratio 

and forming low surface energy facets. Taking these factors into account for elements with 

face centered cubic (fcc) crystal structures (e.g. Au, Ag) leads to the equilibrium Wulff 

shape which is a truncated octahedron with eight hexagonal {111} facets and six square 

{100} facets [60]. While the exact nature of the epitaxial relationship between the forming 

nanostructure and the substrate can result in deviations from the Wulff geometry, a 

substrate capable of promoting Au or Ag nanoprism formation in high yield has not yet 

been discovered. Previously, our group demonstrated the utility of using substrate 
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immobilized Au nanostructures as templates capable of directing high temperature 

assembly [61]. In these processes, Au nanostructures are confined between an oxide 

substrate and a second material from which adatoms can be sourced through sublimation. 

At the assembly temperature these adatoms are unable to spontaneously form stable 

clusters on the substrate surface. When they encounter a Au template, however, they are 

readily incorporated to form a new nanostructure with its own unique properties. This 

strategy has been demonstrated for scenarios where Au is transformed into an alloy [62], 

where it forms a eutectic liquid which upon cooling phase separates into a heterodimer 

structure and where the Au template is sacrificed and replaced with a Wulff shaped Pd 

nanostructure. This research demonstrates that an analogous strategy can be used to 

transform Wulff-shaped Au nanostructures into triangular AuAg nanoprisms [63]. The 

transformation is explained in terms of anisotropic kinetic processes which continuously 

drive the structure towards a nonequilibrium geometry until the assembly process is 

terminated through cooling. The optical properties of the nanostructures and the hydrogen 

sensing capabilities of Pd covered nanoprisms are also reported. 

4.2. The Fabrication of AuAg Nanoprisms 

In Figure 4.1, a schematic of the procedure used to transform substrate-

immobilized Au templates into AuAg nanoprisms is shown. The templates were prepared 

on (0001)-oriented sapphire substrates as both periodic arrays with a narrow size 

distribution and as randomly positioned structures with a broad size distribution. The 

template-decorated substrate and a rectangular Ag foil of approximately the same 

dimensions were then inserted into slots cut into an alumina crucible (Figure 4.1b). This 

configuration maintained a small well-defined distance (0.5 mm) between the two surfaces 
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while preventing contact. The crucible 

was placed in a tube furnace with flowing 

Ar and heated to 775 °C, a temperature 

sufficient to drive a flux of Ag from the 

sublimating foil onto the adjacent 

substrate. Exposure of the Au templates 

to this flux resulted in the heterogeneous 

nucleation of Ag which leads to (i) a 

morphological transformation from the 

Wulff shape to triangular nanoprisms. 

4.3. Random and Periodic Arrays 

Figure 4.2 shows an SEM image of a periodic array of Au templates as well as top- 

and tilted-view images of the individual structures. The templates appear rounded, but 

where weak faceting is observed. The faceting is consistent with the equilibrium Wulff 

shape. Upon exposure to the Ag flux at elevated temperatures the array undergoes the 

transformation shown in Figure 4.2b. 

The individual structures now appear as triangular nanoprisms with the geometry 

expected for a structure enclosed by {111} facets. A close inspection of these structures, 

however, reveals that many of them exhibit a slight truncation of the prism corners by 

{100} facets. The nanoprisms form with two in-plane orientations differing by 180°, a 

common occurrence for [111]-oriented fcc metals [64] which originates from the fact that 

neither the ABCABC… nor the reverse ACBACB…. stacking order is favored through 

Figure 4.1 Schematic of the devised 

templated assembly process which transforms 

substrate-immobilized Au templates into 

triangular AuAg nanoprisms through the high 

temperature exposure of Au templates to a Ag 

flux derived from an adjacent foil. The image 

shows the experimental configuration utilized. 

Figure taken from 63. 
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epitaxy. In addition to the nanoprisms there are a small number of other structures which 

show geometries consistent with non-[111]-oriented structures.  

Noteworthy, is that these structures also show pronounced {111} faceting. When 

the same synthetic procedure is carried out on similarly shaped templates derived from the 

solid state dewetting of ultrathin Au films it yields a surface coated with triangular 

nanoprisms (Figure 4.2c) where the randomness in the size and spacing of the initial Au 

templates is transcribed to the nanoprisms. For this scenario, there is a higher occurrence 

of structures which differ from the nanoprism geometry in that they are rounded, show 

substantial truncations and/or deviate from the preferred [111]-orientation. Nevertheless, 

significance is derived from the fact that a high yield of substrate-immobilized nanoprisms 

is obtained from templates which are easily fabricated over large areas.  

Figure 4.2 Tilted-view SEM images of a periodic array of (a) Au templates and (b) the 

AuAg nanoprisms derived from them. The insets show top- and 65° tilt-view images of the 

individual structures. Top-view images of the AuAg nanoprisms assembled using Au 

templates formed through the (c) solid state dewetting of an ultrathin Au film and (d) 

dynamic templating. Figure taken from 63. 
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4.4. Time Monitored Morphological Evolution 

Figure 4.3 maps out the time-dependent evolution of the nanostructure morphology 

and composition which occurs as the Au template is transformed into an AuAg nanoprism. 

All of the structures shown experienced the identical processing conditions except for the 

exposure time to the Ag vapor at 775 °C which was varied from 30 to 600 min. At the 

beginning of the process the template is quite rounded, but where {100} and {111} faceting 

is apparent. The initial exposure of the templates to the Ag flux leads to the preferential 

growth on the {100} template facets (red arrows) and a sharpening of all edges where facets 

meet. The favored growth on {100} facets ultimately leads to their annihilation. This occurs 

because each of these facets is bounded by four inward sloping {111} planes which reduce 

the area of a (100) facet with the addition of each successive layer until finally the facet is 

extinguished by the pyramidal structure formed (green arrows). At this stage, which occurs 

Figure 4.3 (a) Top- and tilted-view SEM images showing a Au template with labelled 

facets and identical templates as they undergo a shape transformation resulting from their 

exposure to Ag vapor for time intervals extending from 30 to 600 min. Plots showing the 

temporal evolution of the nanostructure (b) width, (c) height and (d) composition. Figure 

taken from 63. 
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after a 60 min exposure to the Ag flux, the emerging structure is bounded by eight {111} 

facets where seven of them are exposed and the eighth forms an interface with the substrate. 

Continued deposition on the remaining {111} facets leads to the annihilation of the 

three facets facing downwards towards the substrate as indicated by the yellow arrows. At 

this stage (90 min), nanoprism formation is complete. Longer deposition times lead to an 

increased height and edge length (600 min). Figure 4.3b-c shows the time dependence of 

the nanostructure width and height, where the width plotted is the diameter for rounded 

particles and the edge length for nanoprisms. The width steadily increases, trending toward 

a constant value for long time intervals. The height of the structure first declines and then 

rises steadily. With the areal extent of the top facet diminishing due to three inward sloping 

{111} facets and the edge length of the overall structure trending toward a constant value, 

the rise in height is unsustainable. Instead, a steady-state configuration is expected whereby 

the amount of Ag arriving to the structure is equal to that which is desorbing from its 

surface. Consistent with this expectation is the evolution in nanostructure composition 

(Figure 4.3d) obtained using EDS which initially shows rapid Ag alloying of the Au 

template followed by a more gradual increase in the Ag content which appears to be 

saturating at long time intervals. This data, combined with estimates of the nanoparticle 

volume, indicate that the Au content within each structure remains approximately constant 

throughout the nanoprism assembly process. 

4.5. Optical Properties and Hydrogen Detection 

A single lithographically defined triangular nanoprism placed in close proximity to a 

nanoscale Pd disc has been demonstrated by Liu et al [65], as an optical hydrogen sensor. 

The sensing mode is dependent on disruptions to the nanoprism’s dielectric environment 
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caused by the uptake of hydrogen by the palladium disc. Motivated by these findings the 

hydrogen sensing capabilities of an ensemble of substrate-supported triangular nanoprisms 

coated with a 1 nm was tested. Briefly, the Pd coated AuAg nanoprisms (denoted as 

AuAg@Pd) are exposed to a broadband incoherent excitation (550 - 650 nm) resonant with 

the LSPR (i.e. the blue curve in Figure 4.4a). The amount of transmitted light is then 

monitored as the sample is exposed to alternating on/off flows of 10% H2 90% N2
 gas. The 

transformation of the palladium to a metal hydride is expected to alter the dielectric 

environment of the plasmon in a manner which decreases the extinction and red-shifts the 

LSPR [66]. Figure 4.4d-e shows the detection of hydrogen and a schematic illustrating the 

sensing mechanism. The observed cyclic behavior is characterized by a rapid ~0.13% rise 

in the integrated transmittance (476 - 731 nm) upon exposure to hydrogen followed by a 

Figure 4.4 (a) Optical extinction spectra for nanostructures which evolve from Au 

templates to triangular AuAg nanoprisms. DDA simulations of the extinction spectra where 

(b) the nanoprism corners are subjected to an increasing degree of truncation and (c) the 

height is systematically increased to the point where a tetrahedron is formed. (d) The 

integrated transmittance (476-731 nm) through an ensemble of Pd-coated AuAg 

nanoprisms exposed to on/off cycling of H2 gas and (e) a schematic of the sensing mode 

responsible for H2 detection. Figure taken from 63. 
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gradual decline when the hydrogen flow is terminated. The rapid rise and gradual fall is a 

response characteristic of many metal hydride sensing modes where the hydrogen intake is 

more rapid than its loss [67]. Important is that neither the AuAg nanoprisms nor a 

standalone 1 nm thick Pd film yielded a comparable result, a clear indication that detection 

results from the coupled response originating from a metal hydride in intimate contact with 

a plasmonic nanoprism. By themselves the AuAg templates showed no well-defined 

response while the Pd film initially showed a small detectable response, but which, after 

several cycles, significantly degraded.  

4.6. Proposed Atomic Growth Mode 

The experiments carried out demonstrate that the mere exposure of substrate-

immobilized Au nanostructures to Ag adatoms at elevated temperatures results in their 

transformation to alloyed structures with altered geometries, but where the original 

heteroepitaxial relationship of the Au structure is preserved. Crucial to the assembly 

process is that the temperature is maintained in a regime where Ag adatoms are unable to 

cluster in sufficient numbers to nucleate a stable Ag nanostructure before desorbing from 

the substrate surface. Consequently, Ag adatoms are only able to remain on the substrate 

surface for extended periods of time if a suitable heterogeneous nucleation site is 

encountered. With a hierarchy of bond dissociation energies of Au-Au: 2.34 eV, Au-Ag: 

2.10 eV, Ag-Ag: 1.68 eV [68], the formation of Au-Ag bonds has the potential to 

significantly extend the adatom lifetime when compared to the Ag-Ag bonds needed to 

form pure Ag clusters on the substrate. The miscibility of the Au-Ag system then permits 

Ag vacancy diffusion into bulk Au where Ag atoms are completely stabilized against 

desorption until they randomly diffuse to the surface. Over time the structure increases in 
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volume as more Ag adatoms are incorporated, but where this additive process is 

increasingly offset by the Ag desorption. Desorption rates are expected to increase due to 

the growing: (i) surface area of the alloyed structure, (ii) likelihood that bulk Ag will diffuse 

to the surface and (iii) reliance on the weaker Ag-Ag bonds within the structure. 

Eventually, the structure reaches a steady state configuration characterized by an equal 

number of Ag atoms arriving to and leaving the structure.  

While the transformation of the Au nanostructures to a Au-Ag alloy is readily 

understood, the accompanying shape-transformation is far more subtle. Revealing is the 

fact that the dewetting process, when carried out using ultrathin AuAg films, gives rise to 

rounded structures with many showing faceting consistent with the Wulff shape. The result 

suggests that the Wulff shape remains the equilibrium configuration for the AuAg alloy. 

The results assert that nanoprism formation is driven, not by the energy minimization of 

the overall structure, but by kinetic processes which favor the establishment of {111} 

facets. Strongly supportive of our assertion are the molecular dynamic (MD) simulations 

of Baletto et al [69], which show that kinetic regimes exist where the arrival and attachment 

of Au or Ag adatoms to their respective Wulff configurations drive the geometry towards 

a {111} faceted octahedron. While their simulations pertain to homogeneous nucleation, 

many of their theoretical arguments can be extended to the heterogeneous case.  

For the Au nanostructure to maintain its equilibrium Wulff shape, it would require the 

isotropic attachment of Ag adatoms to the various facets. Anisotropies are, however, 

inherent to our assembly process. Ag atoms which sublimate from the foil can arrive to the 

Au nucleation site through direct impingement or by landing on the substrate and diffusing 

to its base. The latter process can lead to the preferential arrival of adatoms to those facets 
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which intersect the substrate. Nanowire growth modes, for example, are often dominated 

by the arrival of adatoms at the nanowire base from what is termed as the collection area 

[70]. Further anisotropies originate from the unique bonding environment which the (100) 

and (111) facets present to a Ag adatom. Adatoms on the (100) surfaces are bonded to four 

nearest neighbor Au atoms while those on the close-packed (111) surface are bonded to 

only three. As a result of the higher coordination and stronger bonding, adatom surface 

diffusion on the (100) facets is slower [71] and desorption is less probable. Adatom 

diffusion between the various facets is also subject to kinetic disruptions. For such a 

transfer to occur, the adatom must first relinquish bonds on one facet and then reform them 

on another. Such a process inevitably leads to an energy barrier, the so-called Ehrlich-

Schwoebel barrier with a barrier height dependent on the particular facets involved. 

Because these barriers tend to reflect adatoms [72], they present obstacles of varying 

degrees to the surface diffusion of adatoms between various facets. Significant reductions 

to the barrier height can, however, occur through exchange processes whereby an adatom 

assumes the position of a surface atom located at the facet edge in a manner which causes 

this surface atom to be displaced and promoted to the adjacent facet. When such a process 

is repeated over and over it can result in a directional diffusion of adatoms from one facet 

type to another. Significant is the fact that MD simulations of these various processes by 

Baletto et al. for the case of homogeneous nucleation reveal that it is relatively easy for 

adatoms to cross from a (111) to a (100) facet, but not vice versa. The result, therefore, 
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provides the mechanism by which adatoms become preferentially trapped on {100} facets. 

With this understanding of the kinetic anisotropies inherent to the assembly process, we 

propose a mechanistic framework by which the transformation from a Au Wulff shape to 

a AuAg triangular nanoprism could occur. It is presented as a three stage process (Figure 

4.5), but where it should be understood that there is a significant overlap between the 

stages. 

In the first stage, Ag, which has arrived to the Au nucleation site, preferentially deposits 

on the high surface energy nucleation sites provided by the rounded regions and {100} 

facets (Figure 4.5a). The rounded regions, which are characterized by step-terrace 

morphologies on atomic length-scales, sharpen because they present excellent nucleation 

sites for growth since adatoms can simultaneously form bonds to both the step and terrace. 

Figure 4.5 Schematic representation of the key elements which drive each of the three 

stages of the kinetically driven transformation of Wulff-shaped Au into triangular AuAg 

nanoprisms resulting from (a) the arrival of Ag adatoms to the template through direct 

impingement and surface diffusion. (b) Stage 1 processes where adatoms preferentially 

collect and deposit on {100} facets due to the varying Ehrlich-Schwoebel (ES) barriers. 

(c) Stage 2 processes where layer-by-layer growth is nucleated at the sites provided by the 

substrate-nanostructure interface where downward facing facets form and where Ag is 

increasingly desorbed from the top facet. (d) Stage 3 processes where adatoms arriving to 

the structure via substrate surface diffusion diffuse up the sidewalls to the nucleate growth 

on the top facet. Figure taken from 63. 
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There is then preferential surface diffusion from the {111} to {100} facets which leads to 

the accumulation of Ag atoms in sufficient number to induce layer-by-layer growth on all 

{100} facets (Figure 4.5b). Such processes proceed at relatively high rates until growth on 

{100} results in the formation of faceted pyramids enclosed by {111} facets (Figure 4.5c). 

Concurrent with these processes is the bulk intermixing of Au and Ag via vacancy 

diffusion. 

The second stage is dominated by slow layer-by-layer growth on the downward 

facing {111} facets and an overall reduction in the height of the structure. With only {111} 

facets remaining, preferential growth on downward facing facets is facilitated by the higher 

flux of Ag adatoms arriving from the adjacent collection area. It is also possible that the 

high contact angle formed between these three facets and the substrate provides a 

nucleation site from which layer-by layer growth is initiated. For the overall structure to 

lose height the top facet must be losing layers through the desorption of Ag at a rate greater 

than it is being replaced. At the end of this stage, the downward facing facets are filled in 

to complete the nanoprism geometry (Figure 4.5d). 

In the third stage, the nanoprism slowly gains height through layer-by-layer deposition 

on the top facet while the three side-facets grow, but at a much slower rate. This reversal 

from a gradual height loss to a gain is readily understood if the material required for this 

growth is being sourced from the collection area via the three remaining facets which are 

in contact with the substrate. At the beginning of the second stage the contact between 

these facets and the substrate is minimal (red line in Figure 4.5c) and, as a result, they 

could not source enough material from the collection area to counterbalance the loss of Ag 

through desorption. It is noted that diffusion to the top facet via the downward facing facets 
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is far less probable since these facets do not share an edge with the top facet and, as a result, 

surface diffusion from these facets to the top facet requires the adatom to cross a minimum 

of two Ehrlich-Schwoebel barriers.  

By the end of second stage, however, the line of contact between the remaining facets 

and the substrate has more than tripled (red line in Figure 4.5d), and in doing so, provides 

the ability to source many more adatoms from the substrate. With all three of these side 

facets now supplying adatoms to the top facets it is able to grow in a layer-by-layer manner 

(Figure 4.5d). This growth, however, if offset by increasing Ag desorption as the structure 

increases in surface area and volume. The structure, therefore, trends toward a steady-state 

configuration where the number of Ag atoms arriving to the structure is balanced by 

number exiting. Thus far, the proposed mechanistic framework, as well as the MD 

simulations of Baletto et al does not preclude the possibility of transforming homogeneous 

nucleation sites of Ag into Ag nanoprisms. Attempts to achieve this outcome were only 

partially successful since Ag nanoprisms formed in low yield and many of the nucleation 

sites experienced a net volume loss. All of the nucleation sites able to support growth did, 

however, show a substantial sharpening of their facets. These results, hence, emphasize the 

important role which the far less volatile Au atoms play in stabilizing the nanoprism 

geometry. 

4.7. Experimental Section 

Nanoprism Formation. Au templates were formed as both randomly positioned 

structures and as periodic arrays using assembly techniques described in detail elsewhere 

[35, 120]. Briefly, the random structures were formed through the solid state dewetting of 

17 nm thick Au films which were sputter deposited from Au targets with 99.9985% purity. 
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The (0001)-oriented sapphire substrates, which had dimensions of 14 × 6 mm were cleaved 

from 3 in. diameter wafers. Templates formed as periodic arrays were derived from a 

directed-assembly process referred to as dynamic templating [35]. It uses a shadow mask 

with a periodic array of holes (diameter = 0.9 μm, pitch 1.6 μm) to define sacrificial Sb 

pedestals (h = 50 nm, 99.999% purity) upon which a 17 nm Au film is deposited. When 

heated, Sb sublimation results in a forced migration of the Au to the center of each pedestal. 

At the end of the process the Sb has completely sublimed/evaporated, leaving behind a 

periodic array of substrate immobilized Au nanostructures. 

The substrate and a 0.025 mm thick Ag foil (99.998%purity) with areal dimensions 

similar to those of the substrate were then placed into slots cut into an alumina crucible 

(Figure 4.1b) such that the templates were facing the foil with a separation distance of 0.5 

mm. The AuAg nanostructures were then formed by placing the crucible into a quartz tube 

furnace with flowing Ar (ultra high purity, flow = 65 sccm) and heated to 775 °C for the 

various durations reported. It is noted that a dedicated quartz tube was used for each of the 

steps described in order to prevent cross-contamination. 

Instrumentation. Au and Sb depositions utilized a Model 681 Gatan High Resolution 

Ion Beam Coater. The assembly processes were carried out in a Lindberg Blue M tube 

furnace. SEM images and EDS measurements were obtained using a FEI Quanta 450 FEG 

SEM Environmental Scanning Electron Microscope operating in secondary electron mode. 

The samples were coated with a conducting Au0.5Pd0.5 layer to enhance image quality. 

The extinction spectra were obtained using a Jasco UV/Vis Spectrophotometer V650. 

X-ray diffraction measurements utilized a Bruker D8 Discover X-ray diffractometer. The 

instrumentation used for hydrogen detection is described elsewhere [15]. 
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Discrete Dipole Approximation Simulations. DDA calculations of the extinction 

efficiency were carried out using DDSCAT (Version 7.3) where the simulated structures 

were first created using LAMMPS.52 The simulated nanoprism, Figure 4.5b, (edge length 

= 150 nm, height = 60 nm, {111} facets) and underlying substrate (diameter = 250 nm, 

height = 20 nm) were defined collectively by 40,730 dipoles. The subsequent truncations 

of this nanoprism revealed {100} facets with widths of 11, 23 and 38 nm. The edge length 

of the simulated nanoprism in Figure 4.5c was held constant while the height was varied 

between four values (30, 60, 90 and 122 nm). The k-vector of the incident photon was 

normal to the substrate surface while its oscillating E-field was directed toward a corner of 

the nanoprism. The schematics in Figure 4.6 were coded in LAMMPS and visualized using 

Visual Molecular Dynamics (VMD). 

4.8. Conclusion 

We have demonstrated a method for transforming Au nanoparticles shaped as truncated 

octahedrons into AuAg triangular nanoprisms which are substrate-immobilized, single-

crystalline, epitaxially aligned and surfactant-free. In the devised route, Au nanoparticles 

serve as heterogeneous nucleation sites for Ag adatoms sourced from a sublimating foil. 

The observed transformation was unexpected because the nanoprism geometry does not 

represent the low surface energy configuration which typically transpires in high 

temperature assembly processes reliant on solid state diffusion. This deviation from the 

norm is attributed to the anisotropies in kinetic processes associated with (i) adatoms 

arriving preferentially to the base of nucleation site from an adjacent collection area, (ii) 

higher adatom diffusion rates on {111} facets than on {100} facets, and (iii) the various 

Ehrlich–Schwoebel barriers which inhibit adatom motion between facets. These 
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anisotropies combined with the constant arrival, desorption and interdiffusion of Ag into 

Au at the nucleation site leads to the non-equilibrium steady state nanoprism geometry 

which, upon cooling, maintains this ‘frozen-in’ configuration. Obtained in high yield from 

a relatively simple procedure, the so formed nanoprisms present the opportunity to form 

photonic surfaces for catalytic, sensing and photovoltaic applications. The optical 

properties of the nanostructures and the hydrogen sensing capabilities of Pd covered 

nanoprisms were also reported. 
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CHAPTER 5 

5. VAPOR PHASE NUCLEATION OF CU ONTO AU AND HETEROGENEOUS 

CATALYSIS AND PHOTOCATALYSIS APPLICATIONS 

5.1. Introduction 

The reduction of 4-nitrophenol to 4-aminophenol by sodium borohydride serves as 

a well-established model reaction for assessing the catalytic activity of metal nanoparticles. 

While many of the studied nanoparticles are plasmonic in nature, there is little 

understanding of whether significant photocatalytic enhancements to the reaction rate are 

achievable. Catalytic bimetallic nanoparticles have been of interest for more than a decade. 

There are a great many studies pertaining to the reduction of 4-nitrophenol (4-NP) to 4-

aminophenol (4-NP) with sodium borohydride (NaBH4) and metal nanoparticle catalysts. 

The interest comes from the fact that this reaction has important technological applications 

[73-75] while also serving as a model reaction for accessing a given catalytic platform [76]. 

A majority of the literature pertains to the development of colloidal nanoparticles whose 

morphology and composition are optimized [77] for catalytic activity, recoverability, 

recyclable, and efficiency [78]. 

The focus of metal nanostructure synthesis is increasingly shifting toward bimetallic 

systems [80-81]. This activity is being spurred on by demonstrations of advanced 

functionalities in the areas of catalysis, [82-85] plasmonics [86, 87], and magnetism [88]. 

It originates from the increased synthetic flexibility inherent to multicomponent systems 

as well as the ability to tune nanostructure properties by varying the relative proportions of 

the two metals. In this regard, catalytic nanostructures consisting of alloyed combinations 

of Au and Cu present one of the most promising bimetallic systems [89]. Individually, both 
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Au and Cu are well-established catalytic materials [90, 91]. The alloyed combination, 

however, offers potential from the standpoints of increased catalytic activity, greater 

selectivity, and, for the case of photocatalysis, the ability to tune the localized surface 

plasmon resonance (LSPR) to achieve optimal performance. AuCu nanostructures also 

offer higher resistance to oxidation when compared to structures comprised of elemental 

Cu, a property which could greatly increase catalyst lifetime. Early demonstrations of 

AuCu nanostructures as catalysts showed their effectiveness in the hydrogenation of 

dimethyloxalate to methyl glycolate [92] and in the oxidation of carbon monoxide, [93, 94] 

benzyl alcohol [95] and propene [96]. More recent breakthroughs include: (i) the use of 

pentacle AuCu nanocrystals to achieve impressive catalytic performance for the model 

catalytic reaction which reduces 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) by sodium 

borohydride [83], (ii) CO2 electroreduction using Au3Cu nanocubes [97], and (iii) the 

formation of methane through the reduction of carbon dioxide by water in the presence of 

sunlight [82, 98], a reaction which has the potential to transform a greenhouse gas back 

into a useable fuel. 

From the standpoint of AuCu nanostructure synthesis, much emphasis has been placed 

on forming nanostructures in a size regime where catalysis is most pronounced (i.e. < 15 

nm) [82], [92-94], [96], [99-104]. Such structures typically have spherical or near-spherical 

morphologies. Less studied are structures formed on larger length-scales where complex 

geometries and greater morphological control are more readily realizable [83], [97], [105- 

108]. When structures are formed on length-scales greater than 50 nm they are generally 

considered less suitable for catalysis due to their low surface-area-to-volume ratio, but 

where notable exceptions occur [83, 109]. It is, however, in this size regime where the 
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plasmonic properties are most easily tuned by varying the size, shape and composition of 

the nanostructures. For the case of plasmonic photocatalysis [110-113], there is less 

certainty regarding the optimum nanostructure length-scale since a compromise must be 

formed between structures offering large surface-area-to-volume ratios and those offering 

plasmonic resonances which promote catalytic activity. 

In previous studies our group has demonstrated a template-mediated numerous 

assembly route, including the one described in the previous chapter, in which substrate-

immobilized Au nanostructures are exposed to the vapor arriving from a slowly 

sublimating foil of a second metal held in close proximity [114-117]. The processing 

temperature is chosen such that heterogeneous nucleation at the Au nanostructure is 

permissible while homogeneous nucleation is forbidden. As a consequence, the 

composition and shape of the Au nanostructures can be fundamentally altered while 

inhibiting the formation of new nanostructures elsewhere on the substrate. Of specific 

relevance to the current study is the demonstration that truncated Au octahedrons can be 

transformed into alloyed AuAg triangular nanostructures entirely comprised of (111) facets 

[114]. Such structures are valued for the intense plasmonic near-fields formed at the 

triangle tips [118]. Here, we adapt this directed assembly route to the AuCu system to form 

similarly shaped structures, but where smaller well-defined (100) and (110) facets are also 

present. Structures with this modified geometry are then assessed as catalysts and 

photocatalysts in the reduction of 4-NP. Observed is a 32-fold enhancement in the reaction 

rate when these structures are excited with light at a wavelength resonant with the LSPR. 

In these experiments, the reduction of 4–NP to 4–AP by NaBH4 with a metal catalyst is 

considered a model reaction [119].  
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5.2. Results and Discussion 

Figure 5.1 shows the synthetic scheme used to transform substrate-based Au templates 

into triangular AuCu nanostructures. The Au templates used in this assembly process 

(Figure 5.1a) are formed through the solid state dewetting of 12 nm thick sputter deposited 

Au films onto (0001)-oriented sapphire substrates [120]. The substrate and a Cu foil, both 

identical in size, are then placed into slots cut into an alumina crucible which maintains a 

separation distance of 0.5 mm (Figure 5.1b). The loaded crucible is then inserted into a 

tube furnace with flowing Ar and heated to a temperature of 885 °C for time intervals 

lasting up to 24 hr. This heating regimen allows Cu to sublimate from the foil, encounter 

weakly faceted Au truncated octahedrons which, through a combination of heterogeneous 

nucleation and solid state diffusion, transform into alloyed triangular AuCu nanostructures 

(Figure 5.1c). This morphological and compositional transformation is accompanied by a 

color change from pink to blue (Figure 5.1d). It is noted that structures produced in this 

manner are free of the ligands which can inhibit catalytic activity [121, 122] and may result 

in deviations from first order kinetics [123]. 

Figure 5.1 The synthetic scheme used to form triangular AuCu nanostructures. (a) The 

substrate-immobilized Au templates and (b) a Cu foil are placed into adjacent slits cut into 

an alumina crucible where at elevated temperatures they transform into (c) alloyed 

triangular AuCu nanostructures. (d) Optical images showing the color change which occurs 

as the templates are transformed into triangular nanostructures. Figure taken from 119. 
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The morphological transformation which occurs during the assembly process was 

assessed using scanning electron microscopy (SEM). Figure 5.2a shows SEM images of 

the Au templates as well as a histogram of their diameters. The templates, which form at 

random positions over the surface of the substrate with an areal density of 3x109 cm-2, have 

an average diameter of 80 nm. The insets show weak faceting consistent with a [111]-

oriented truncated octahedron bound by eight (111) and six (100) facets. This so-called 

Wulff shape represents the equilibrium configuration for a face centered cubic (fcc) crystal 

structure [124]. Figure 5.2b shows SEM images of identical templates after being 

subjected to a Cu vapor for 15 hr.  

This process results in a nanostructure with three distinct types of facets, the most 

prominent of which are the four (111) facets which give rise to the nanoprism-like 

geometry. The three facets which dull the corners of the triangle are consistent with (100) 

faceting. The third facet-type, which connects the (111) side-facets to the top facet, is 

consistent with (110) faceting. It is noted that, while (110) facets are not typically observed 

for fcc metals, they have been identified as a part of the equilibrium crystal shape of Cu 

microstructures formed using solid state dewetting [125]. The uptake of Cu by the 

Figure 5.2 SEM images of (a) Au templates and (b) triangular AuCu nanostructures 

along with insets showing high resolution images of individual structures taken from a 

top- and side-view. The histograms show the distribution of template diameters and 

triangle edge lengths. Figure taken from 119. 
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templates inevitably leads to larger structures, as is indicated by the histogram which shows 

an average triangle edge length of 160 nm. When templates are subjected to a Cu vapor for 

much shorter (5 hr) or longer (24 hr) durations the result is less desirable, yielding a mixture 

of hemispherical and triangular geometries. When optimal condition is employed the 

triangular AuCu nanoprisms are produced with a yield near 85%. They form two dominant 

epitaxial relationships with the substrate as is indicated by the fact that they predominantly 

point up or down in Figure 5.2b. This 180° difference in the in-plane orientation of 

epitaxially formed [111] structures, as was the case for the AuAg structures described in 

the last chapter.  

The crystallographic orientation and composition of the triangular AuCu 

nanostructures were characterized using X-ray diffraction (XRD) and energy-dispersive X-

ray spectroscopy (EDS). Figure 5.3a shows the θ-2θ XRD scans for both the Au templates 

and triangular AuCu nanostructures. The templates show a single reflection at 38.2º which 

is expected for Au structures with a [111]-orientation normal to the substrate. The 15 hr 

assembly process results in the complete elimination of the (111) Au reflection. It is 

replaced with a highly reproducible split peak with maxima at 40.2º and 40.5º. This 

splitting could indicate that the structures are in the very early stages of transforming from 

an alloy to an intermetallic. The Au-Cu binary phase diagram shows a phase transition near 

400 °C from a disordered fcc alloy to a tetragonal crystal structure with alternating planes 

of Au and Cu atoms along the [001]-direction. Such transitions are, however, quite slow, 

requiring several months of annealing for bulk samples [126]. Even if this is the case, these 

structures are more accurately described as alloys since the ratio of the lattice constants of 

0.99 is far from the 0.935 value expected for the ordered phase. Alternatively, the split 
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peaks could indicate a non-uniformity originating from different size structures tending 

toward different equilibrium concentrations. In such a scenario, an Au-Cu solid solution, 

with alloy lattice constants varying linearly between the Au and Cu values, yields 

compositions of Au0.56Cu0.44 and Au0.50Cu0.50 for the two peaks. The fact that the (111) 

AuCu reflection is higher in intensity than the same reflection exhibited by Au template 

stems from the greater volume associated with the triangular structure. Based on this XRD 

data and the observed AuCu faceting relative to a substrate alignment flat, the two 

dominant crystallographic orientation relationships for the triangular structures are 

assigned as (111)[͞211]AuCu||(0001)[11͞20]sapphire and (111)[2͞1͞1]AuCu||(0001)[11͞20] 

sapphire. Consistent with the X-ray data are the EDS line-scans and elemental maps 

(Figure 5.3b) which show uniform alloying with a composition near Au0.5Cu0.5.  

The transformation of the Au templates to triangular AuCu nanostructures resulted in 

dramatic changes to the optical properties as is indicated by the images shown in Figure 

5.1d. The optical extinction spectra of the structures, shown in Figure 5.4a, show that the 

transformation gives rise to both a large shift in the LSPR peak from 560 to 640 nm and a 

60% increase in the extinction at resonance. These trends are consistent with simulations 

performed using the discrete dipole 

approximation (DDA) [127] which indicate 

that these changes are more strongly 

connected to the shape transformation than to 

Au-Cu alloying. 

Both the Au templates and the triangular 

AuCu nanostructures were evaluated as 

Figure 5.3 (a) θ-2θ XRD scans on the 

Au templates and triangular AuCu 

nanostructures. (b) EDS elemental maps 

and (c) line-scans for triangular AuCu 

nanostructures. Figure taken from 119. 
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catalysts and photocatalysts using the model catalytic reaction which sees the reduction of 

4-NP to 4-AP in the presence of sodium borohydride [128]. This reaction is typically 

preceded by a several minute induction period where the reaction is stalled until the 

catalytic particles become activated through a surface reconstruction [129]. All reactions 

utilized a 2 mL aqueous solution of 70 µM 4-NP and 7 mM NaBH4 in a standard 1 cm path 

length quartz cuvette. The reaction was then initiated using a dip catalyst modality [130, 

131], whereby the substrate-immobilized nanostructures are placed inside the cuvette such 

that it leans against one of its four sidewalls with the nanostructures facing the reactants as 

shown schematically in Figure 5.4 b. This geometry has the advantage that it allows for 

the spectroscopic probe beam to pass through only the liquid reactants while allowing the 

laser beam, which is incident at a right angle to the probe beam, to pass sequentially through 

the sapphire substrate, the immobilized nanostructures and the reactants. In doing so, the 

probe beam is not compromised by interactions with the plasmonic nanoparticles. As is 

typical for this model catalytic reaction, we monitored the decrease in the 400 nm 4-NP 

absorption as it is reduced to 4-AP and then derive an apparent reaction rate, kapp, from the 

slope of the ln(A/A0) vs time plot, where A/A0 is the 4-NP absorbance normalized to its 

value at the end of the induction period [128]. Photocatalytic activity was promoted 

through the use of either a 532 nm green laser or a 632.8 nm red laser with an intensity of 

10 mW/cm2. 

Figure 5.4c-d compares the catalytic and photocatalytic properties of the Au templates 

and the triangular AuCu nanostructures, respectively. For each case, kapp was determined 

when the nanostructures experienced no excitation and also when they were excited with 

red and green laser light. All of the data is plotted using the same upper bound on the y-
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axis to facilitate comparisons where the calculated reaction rates (i.e. kapp) are denoted next 

to each curve.  

 

Important to note is that the red and green laser wavelengths are near-coincident with 

the AuCu and Au LSPR peaks, respectively (denoted by the dashed lines in Figure 5.4a. 

A comparison of these catalysts under zero illumination reveals kapp values which are 

approximately 4 times greater for the triangular AuCu nanostructures, but where in both 

cases the reaction rates are one or two orders of magnitude lower than competitive literature 

Figure 5.4 (a) The optical extinction spectra for Au templates (pink), AuCu 

triangular nanostructures (blue) and near-hemispherical AuCu nanostructures 

(green). The dashed red and green lines denote the laser excitation wavelengths used 

for photocatalysis. (b) Schematic representation of the experimental configuration 

used for photocatalysis measurements which sees the probe beam and the laser 

excitation source pass through the cuvette at right angles to each other. The time 

dependence of -ln(A/A0) for (c) Au templates, (d) triangular AuCu nanostructures 

and (e) near-hemispherical AuCu nanostructures where the blue, green and red 

curves correspond to catalyst illumination under no light, green laser light and red 

laser light, respectively. For all cases, the apparent reaction rate (kapp) derived from 

the slope is provided. Figure taken from 119. 
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values [132]. This is somewhat expected considering the relatively large size of these 

nanostructures [133]. When illuminated, both Au and AuCu show improved rates. The Au 

templates show 10-fold and 13-fold enhancements under red and green illumination, 

respectively, where the larger value is achieved for the laser wavelength overlapping with 

the LSPR peak. Despite these enhancements, the values of kapp still remain uncompetitive 

with literature values. The same trends occur for the triangular AuCu nanostructures, 

showing a 4-fold enhancement for the off-resonant green laser and a 32-fold enhancement 

to kapp for the red laser resonant excitation. For this case, however, the kapp value of    

5.2x10-3 s-1 is in-line with other high quality catalysts [132] and is an order magnitude 

higher than the Au values. When making such comparisons to the literature it should, 

however, be recognized that kapp values can be somewhat misleading since: (i) they are not 

normalized to the surface area or the quantity of catalyst used and (ii) they do not take into 

account the amount of product produced per second.  

Table 5.1 provides estimates of the moles of product produced per gram of catalyst per 

second and the reaction rates normalized to the surface area of the catalyst for all 

nanostructures used in this study. Comparison to literature values based on the latter metric 

indicate that AuCu nanostructures are either competitive with or greatly exceed the values 

expressed by other Au, Cu and AuCu nanostructures. Of the structures studied only AuCu 

nanorods [95] show a value which far exceeds the results reported here (c.a. 500 s-1m-2). 
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Table 5.1 Summary of catalytic descriptors for the nanostructures studied. 

Nanostructure 

(composition) 

laser 

kapp 

(10-3 s-1)a 

kapp 

mol4-AP gram-1(μmol∙g-1∙ s-

1)b 

kapp 

m-2(s-1∙m-2) 

Triangular (AuCu) Red 5.2 ± 0.29 25 94 

Green 0.70  ± 0.02 3.4 13 

None 0.16 ± 0.01 0.7 2.9 

Hemispherical (AuCu) Red 2.6  ± 0.18 13 65 

Green 2.0 ± 0.14 9.8 50 

None 0.67  ± 0.03 3.3 17 

Wulff Shaped (Au) Red 0.41  ± 0.01 2.8 12 

Green 0.51 ± 0.01 3.5 15 

None 0.041 ± 0.001 0.3 1.2 

a Standard deviations presented with 95% confidence intervals. 

b The apparent rate constant multiplied by the number of moles of product per gram catalyst. 

Figure taken from 119. 

 

The wavelength dependence of the reaction rates for both the Au and AuCu 

nanostructures strongly suggests that the reduction of 4-NP can be enhanced through 

plasmonic photocatalysis. To further confirm this conclusion the triangular nanostructures 

used in Figure 5.4d were reheated to 750°C for 90 min in the absence of Cu foil, a 

procedure which modifies the shape while maintaining the same composition and density 

of structures. After this procedure the structures are near-hemispherical with an average 

diameter of approximately 100 nm.  The shape transformation red-shifts the LSPR to 588 

nm, a value which places it midway between the red and green laser excitation frequencies 

(Figure 5.4a). When the same photocatalytic measurements are performed on these 

structures (Figure 5.4e) the enhancements under red and green illumination are nearly 
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identical as is expected for plasmonic photocatalysis. Beyond this determination, there are 

several other findings of significance derived from this investigation: (i) a definitive 

determination that the reaction is proceeding through heterogeneous catalysis was made by 

simply removing the dip catalysts from the cuvette midway through the reaction and seeing 

the reaction halt and (ii) that, in addition to the reduction of 4-NP, all photocatalytic 

measurements resulted in the evolution of gas bubbles in quantities which correlate with 

the value of kapp for the reduction of 4-NP. It is noted that hydrogen gas evolution has been 

observed previously for this reaction when using heterogeneous catalysts [133]. 

The current study demonstrates that the reduction of 4-NP can be significantly 

enhanced if the LSPR of the catalytic nanostructures is excited with light. While no 

comparisons are currently available in the literature, this finding is consistent with the 

observation of plasmonic photocatalysis of the closely related compound 4-nitrothiophenol 

(4-NTP) as well as other nitroaromatics. [134-138] While further study is required to 

pinpoint the exact dependence of the plasmonic enhancement on such factors as (i) the 

degree of alloying, (ii) the nanostructure shape, and (iii) the LSPR wavelength and 

extinction efficiency, it is possible to make some broad statements regarding the plasmonic 

photocatalysis of 4-NP to 4-AP. The fact that kapp is larger when the excitation wavelength 

is coincident with the LSPR is strongly supportive of the conclusion that plasmonic 

photocatalysis is responsible for the higher reaction rates when the sample is illuminated. 

Plasmonic photocatalysis is often associated with the interactions between plasmonic 

nanostructures and an active support (typically TiO2) which participates in the reaction. 

[110-113] This, however, is unlikely the case in the current study since it is improbable 

that the insulating sapphire substrate is participating in the catalytic reaction. It should be 
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recognized, however, that the sapphire support can play an indirect role in that (i) it red-

shifts the position of the LSPR peak and (ii) its high thermal conductivity (35 W/m·K) will 

reduce the potential influences of plasmon-induced heating on the catalysis process. From 

a mechanistic standpoint, the fact that the substrate is not directly participating in the 

catalytic response greatly simplifies the current situation as the plasmonic enhancement by 

the AuCu nanostructures must originate from the near-fields associated with the LSPR, hot 

electrons and/or the localized heating generated by plasmon decay [111]. If the 

nanostructure heating is the sole source of the enhancement then, based on Arrhenius 

behavior and an estimated activation energy of 1 eV for AuCu [129], then a 32-fold 

increase in catalytic activity would require a temperature change of 29°C.  

In terms of nanostructure composition, the AuCu structures show superior catalytic and 

photocatalytic activity compared to Au where the superior activity is far beyond that which 

can be explained by the somewhat larger surface area expressed by the AuCu structures 

(see Table 5.1). It is not uncommon for bimetallic nanostructures to exhibit catalytic 

activity which exceeds its constituent components. Such behavior is often reconciled in 

terms of a volcano plot which shows that optimum catalytic activity occurs for an alloy 

composition where adsorbate-catalyst bonding is sufficiently strong to bind the reactant, 

but not so strong as to inhibit the desorption of the reaction product. 4-NP is shown by 

Pozun et al. [139] to bind weakly to Au and strongly to Cu, but where the bimetallic 

composition of Au0.5Cu0.5 lies near the optimum value. 

While the nanoparticle composition is a crucial factor in determining catalytic activity, 

the expressed faceting of the bimetallic nanostructure seems to be of secondary importance. 

The geometry of a triangular nanostructure is dominated by (111) facets which are expected 



56 

to show little catalytic activity. It is, therefore, likely that the smaller (100) or (110) facets 

represent the active sites since such surfaces have been deemed catalytic in other systems 

[140, 141]. It is also conceivable that catalytic activity is associated with the highly under-

coordinated sites which occur where the sharp facets intersect [142]. Also working in favor 

of the triangular geometry is the large extinction exhibited by the LSPR peak and the 

potential impact which the plasmonic near-field concentration at the triangle corners has 

on photocatalytic activity. In contrast, the rounded morphology of the near-hemispherical 

AuCu nanostructures must give rise to many atomic steps which are considered favorable 

for catalysis. Nevertheless, the triangular nanostructures, which show the fastest reaction 

rates in this study, likely do so because this geometry yields a LSPR peak which is resonant 

with the red excitation wavelength. While the near-hemispherical AuCu structures show a 

2-fold reduction in the reaction rate, it should be recognized that the excitation wavelength 

is somewhat off-resonance. These results are demonstrative of the compromises which 

must be made when engineering plasmonic photocatalysts. 

5.3. Experimental Section 

Reagents and Chemicals. Triangular AuCu nanostructure synthesis utilized a Au 

sputter target cut from 0.5 mm thick foil with 99.9985% purity (Alfa Aesar), 0.0125 mm 

thick Cu foils with 99.9% purity, (0001)-oriented sapphire substrates (MTI Corp.), and 

ultrahigh purity Ar gas. Solutions for catalysis were prepared using 4-NP (Fluka), NaBH4 

(Fluka), and ultrapure deionized (DI) water (18.2 MΩ cm −1 at 25 °C). All chemicals were 

used as received.  
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AuCu Nanostructure Synthesis. The substrate-immobilized Au templates were 

formed through the solid-state dewetting of 12 nm thick sputter deposited films using 

procedures described in detail elsewhere [120]. These films were deposited onto 

rectangular shaped (0001)-oriented sapphire substrates with dimensions of 6.5 mm × 14 

mm × 0.5 mm. The substrate and a Cu foil, with the same areal dimensions as the substrate, 

were then placed into adjacent slots cut into an alumina crucible (Figure 5.1b) where the 

separation distance is 0.5 mm. Prior to use, the foil was heated to 925 °C in flowing Ar (60 

sccm) for 15 h, a procedure which proved crucial to the formation of a triangular geometry. 

While the need for this procedure remains unclear, we speculate that it not only removes 

the native oxide layer (as is indicated by a color change), but also sublimates volatile 

impurities contained within the 99.9% purity Cu foil which, in low concentrations, are 

detrimental to the assembly process. The loaded crucible is then inserted into a tube furnace 

with a flowing Ar ambient and exposed to a heating regimen which (i) ramps the 

temperature to 885 °C in 30 min, (ii) maintains this temperature for time intervals lasting 

up to 24 h and (iii) cools the sample to room temperature over the course of 2 h. The near-

hemispherical 100 nm diameter AuCu nanostructures used in the catalysis measurements 

for comparison purposes was produced by reheating the triangular nanostructures to 750 

°C for 90 min in the absence of a Cu foil. This procedure modifies the shape while 

maintaining the composition and density of the structures.  

Catalysis. All catalysis measurements were performed using a 2 mL aqueous solution 

of 70 μM 4-NP and 7 mM NaBH4 prepared using DI water. The NaBH4 was prepared fresh 

prior to each experiment and reacted within 2 min. The solution was loaded into a 1 cm 

path length quartz cuvette and the catalytic reaction was initiated by inserting the substrate 
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into the solution such that its placement did not obstruct the spectroscopic probe beam. 

Catalytic activity was then monitored using UV−vis spectroscopy. For the case of 

photocatalytic experiments, the catalysts were exposed to repeated cycles where they were: 

(i) illuminated with either a red (λ = 632.8 nm) or green (λ = 532 nm) laser for a set time 

interval (typically 3 min) in an enclosure which blocked ambient light, (ii) removed from 

the enclosure and placed in the spectrometer where the UV−vis spectra was recorded and 

(iii) removed from the spectrometer where they were, once again, exposed to laser light. 

SEM characterization carried out after samples had undergone numerous reactions with 

and without laser irradiation showed no evidence of nanostructure degradation. 

Instrumentation. A Model 681 Gatan High Resolution Ion Beam Coater was used to 

deposit ultrathin layers of Au onto sapphire substrates using a beam energy of 6 keV and 

measured penning gun currents of 200 μA. The AuCu nanostructure assembly processes 

were carried out in a Lindberg Blue M tube furnace equipped with a quartz tube (outer 

diameter =2.5 cm, length =91 cm) and the required fittings to maintain a continuous flow 

of Ar gas. SEM images and EDS measurements were acquired using a FEI Quanta 450 

FEG SEM environmental scanning electron microscope. The SEM images were taken in 

secondary electron mode with a beam energy of 30 kV. Side-view images were taken with 

the stage tilted at 45°. The images were processed to obtain histograms of the nanostructure 

dimensions using the ImageJ software package. EDS measurements were taken at a 

working distance of 10 nm, a beam spot size of 4.0 nm, and a beam energy of 30 kV. X-

ray diffraction measurements utilized a Bruker D8 Discover X-ray diffractometer. The θ-

2θ scans were carried out using CuKα radiation at 2θ intervals of 0.005° with collection 

times of 5 s. Optical spectra were obtained using a Jasco UV/vis Spectrophotometer V650. 
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The extinction spectra were collected at Δλ intervals of 0.2 nm and used a sapphire 

substrate as a reference. The absorbance measurements used to obtain kapp were similarly 

carried out, but where a water baseline was used. 

5.4. Conclusion 

In summary, we have devised a route for the synthesis of substrate-immobilized AuCu 

triangular nanostructures and demonstrated these structures as plasmonic photocatalysts 

for the reduction of 4-NP to 4-AP. Despite the fact that these structures have dimensions 

well in excess of those which show the most pronounced catalytic behavior, it is possible, 

through photocatalysis, to achieve reaction rates which are competitive. Comparisons made 

to truncated octahedrons of Au indicate that the bimetallic nature of both the triangular 

AuCu nanostructures and near-hemispherical nanostructures is conducive to higher rates 

of reaction. In contrast to catalysis, where emphasis is placed on maximizing the number 

of catalytically active sites, these findings reveal that the maximization of photocatalytic 

enhancements to the reduction of 4-NP will require a cooperative balance between the (i) 

formation of active sites, (ii) the size of nanostructure, (iii) its chemical composition and 

(iv) the plasmonic resonance and associated near-fields. Moreover, the study demonstrates 

the possibility of assessing the photocatalytic properties of plasmonic nanostructures using 

the reduction of 4-NP as a model catalytic reaction. 
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CHAPTER 6 

6. SOLUTION PHASE NUCLEATION OF AG@AU SEEDS, CITRATE-

INDUCED NANOCUBES 

6.1. Introduction 

Chemical additives which selectively bind to specific facets are well-recognized for 

their ability to guide colloidal syntheses along pathways yielding near-identical 

nanostructures with highly geometric architectures [143-146]. The inclusion of these so-

called capping agents into reaction schemes directed toward the formation of noble metal 

nanostructures has allowed for the synthetic flexibility needed to tailor physical, chemical, 

and optical properties [147]. Reactions performed under thermodynamic control in the 

absence of capping agents proceed along growth pathways which favor the formation of 

low surface energy structures. Face centered cubic (fcc) metals, which have a hierarchy of 

surface energies given by γ{110}>γ{100}>γ{111}, therefore, tend toward the formation of 

nanostructures dominated by (111) faceting. Suitably chosen capping agents can 

dramatically alter this hierarchy and, hence, promote alternate faceting while still 

maintaining thermodynamic control over the reaction. The chemisorption of a capping 

agent onto a specific facet inhibits growth on that facet while allowing for the preferential 

growth on all other facets, a growth mode whose end product is a nanoparticle bound 

entirely by the capped facet [148, 149]. Capping (100) facets, therefore, results in 

nanocubes, while (111) capping leads to the formation of octahedra. This synthetic strategy 

is particularly effective in seed-mediated protocols utilizing monodisperse seeds with well-

defined facets and is able to accommodate both homoepitaxial and heteroepitaxial 

depositions [143, 146, 147, 149, 150]. 
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The shape-engineering of noble metal nanostructures using facet-specific capping has 

proved to be extraordinarily successful. This success can, in large part, be attributed to the 

discovery of a wide assortment of capping agents able to promote both low- [144-149] and 

high-index facets [143, 145, 151, 152]. While this synthetic strategy is conceptually 

straightforward it is, in practice, complicated by numerous extraneous factors which 

narrow processing “windows” and provide obstacles when trying to determine the 

mechanistic role played by individual reagents. The seed crystallinity and faceting is 

critical in asserting control over the nanostructure shape. Twin defects, for example, can 

lead to a loss of shape-uniformity but, when brought under synthetic control, can give rise 

to a unique set of nanostructure architectures [153]. While highly faceted monodisperse 

seeds seem well-suited for shape-modifications through facet selective-capping, such seeds 

do not typically enter the reaction with pristine surfaces, but are instead coated with the 

stabilizing agent needed to prevent agglomeration and/or the capping agent used to obtain 

a faceted geometry. Reaction rates also play a decisive role in determining nanostructure 

shape, with slow, fast, and medium reaction kinetics all capable of giving rise to unique 

geometries [148], [154-156]. Shape can also be influenced by the reaction temperature 

[157], the pH [158], the presence of solvated ions, precursor concentrations [155], the 

lattice mismatch between the seed and depositing material [159], and dissolved gases [160, 

161]. In fact, reagents are often added simply because they have been empirically 

demonstrated as effective in achieving a desired outcome. While the product of such 

reactions is often impressive, an understanding of the shape-control chemistry can, at times, 

be quite challenging. 
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The most straightforward facet-selective growth modes directed toward the formation 

of Ag-based nanostructures utilize a silver nitrate (AgNO3) precursor in combination with 

reducing, capping, and stabilizing agents [147]. Trisodium citrate (Na3C6H5O7; abbreviated 

Na3CA) has been widely used as a reagent in such syntheses because citrate can, depending 

upon the specifics of an individual reaction, act in each of these capacities or even take on 

multiple roles. In the self-seeding synthesis of Ag nanoparticles, where citrate acts as both 

the reductant and stabilizing agent (i.e., the Turkevich method [162]), the product is 

generally considered unsatisfactory, yielding structures which are polydisperse and lack 

shape uniformity [163]. In this instance, citrate performs poorly as a shape-directing agent. 

This, however, is not the case for numerous seed-mediated syntheses which utilize citrate 

and achieve shape-control [146, 148, 149, 160, 164]. In this regard, the seed-mediated 

synthesis which reduces Ag+ ions with ascorbic acid (AA) in the presence of Na3CA stands 

out as the foremost protocol for the synthesis of (111)-faceted Ag octahedral [148, 149]. It 

is generally accepted that the growth mode is facilitated by the selective binding of citrate 

to the (111) facets, with AA remaining passive in terms of directing the shape. It is, 

however, understood that alterations to the pH can have a strong influence in determining 

the final nanostructure geometry [158]. 

Mechanistic insights into solution-based growth modes are more readily obtained when 

examining syntheses with a small number of reagents [152, 154, 165]. Such syntheses 

allow individual aspects of the reaction to be more effectively isolated by minimizing the 

number of confounding factors arising from reagents working in cooperation or in 

competition with one another. Seed-mediated syntheses carried out on substrate-

immobilized seeds [35, 154, 166, 167] can be particularly effective in this regard since 
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immobilization negates the need for stabilizing agents. The seeds can, hence, enter the 

reaction with uncompromised surfaces which can be left as pristine or altered by a facet-

specific capping agent. In this study, we explore the simplified two-reagent seed-mediated 

synthesis in which Ag+ derived from an AgNO3 precursor is reduced onto substrate-

immobilized nanostructures (Ag, Au, Pd or Pt) using citrate as the reductant and capping 

agent. Our expectation of an octahedron-shaped reaction product, founded on the premise 

that citrate would cap (111) facets, proved to be inaccurate. Observed instead was a robust 

nanocube growth mode able to withstand wide variations in the growth parameters. The 

seeming contradiction between these results and the aforementioned growth mode which 

sees (111)-faceted octahedra form in the three-reagent seed-mediated synthesis combining 

AgNO3, Na3CA, and AA is reconciled through experiments which demonstrate that the 

nanocube geometry gives way to octahedral growth when AA is included in our synthesis 

[168].  

6.2. Citrate Reduction of Ag+ onto Arrayed Au Seeds 

In this reaction Ag+ is reduced onto Au seeds to form Au–Ag core-shell structures 

(abbreviated Au@Ag) where citrate plays the dual role of reducing and capping agent. Au 

seeds with a diameter of approximately 130 nm are formed in periodic arrays on (0001)-

oriented sapphire using a templated assembly technique which is describe in Chapter 3. 

Seeds formed in this manner are predominantly [111]-oriented, but where other low index 

orientations are also observed [159]. The seed geometry is similar to that of a weakly 

faceted truncated octahedron, but where there exists a further planar truncation at the Au-

substrate interface resulting from surface energy minimization considerations [169, 170]. 

Such seeds are ideal from the standpoint of mechanistic studies in that they are ligand-free 
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prior to the synthesis and, by exposing both (111) and (100) facets to the growth solution, 

they allow for the Ag overgrowth of Au to be simultaneously monitored on two facets of 

high interest to solution-based growth modes.  

In a typical synthesis the substrate-supported Au seeds are placed into a heated aqueous 

solution of Na3CA. Once sufficient time has elapsed to allow for temperature equilibration 

and the capping of Au facets with citrate, a second solution containing aqueous AgNO3 is 

added. This initiates the reaction which sees Ag+ reduced onto the Au seeds by citrate to 

form the core-shell geometry. It also results in the formation of Ag nanoparticles suspended 

within the liquid medium which originate from a self-seeding growth mode where Ag 

clusters nucleate and grow. As a result, the growth solution evolves from clear to yellow 

over the duration of the synthesis. Such structures are polydisperse and show negligible 

faceting; the inability of citrate to offer shape-control to these structures is a result 

consistent with self-seeding colloidal growth modes which utilize citrate as both an Ag+ 

reductant and stabilizing agent [163]. These colloids can, however, be problematic in that 

they tend to bind to the substrate surface leaving unwanted Ag nanostructures adjacent to 

the structures nucleated by the Au seeds. Ultrasonication of the substrate in water 

immediately following the synthesis has proved to be effective in removing the majority 

of these structures while leaving the Au-seeded structures intact. Their spontaneous 

nucleation can also be severely inhibited by decreasing the pH of the growth solution to 4 

through the addition of HNO3. Apart from ridding the substrate surface of these unwanted 

structures, this decreased pH has no obvious impact on the synthesis.  

Figure 6.1a–b shows tilted-view scanning electron microscope (SEM) images of the 

arrayed structures formed through citrate reduction. The images are presented in a mixed 
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mode format, which combines the secondary electron (SE) and backscattered electron 

(BSE) images, in order to highlight the Au@Ag core-shell geometry. An inspection of the 

arrayed structures reveals encapsulation of the inner Au core by a (100)-faceted Ag shell 

with sharp edges and corners. The vast majority of these structures exhibit the morphology 

shown in the insets to Figure 6.1b. The structure appears as a [111]-oriented cube relative 

to the underlying substrate, but where there exists a planar truncation at the cube-substrate 

interface. Both the cube orientation and faceting are consistent with our X-ray and electron 

diffraction data which shows that [111]-oriented Au seeds form epitaxially on [0001]-

oriented sapphire. It should also be recognized that the substrate boundary prevents full 

encapsulation of the inner Au core with Ag. Such asymmetries are inevitable when carrying 

out seed-mediated syntheses at the liquid-substrate interface and, as such, lead to a unique 

set of nanostructure architectures which are inaccessible using standard colloidal synthesis 

routes [154], [166, 167]. Plan view SEM images and the associated elemental mapping 

(Figure 6.1c) confirm the Au@Ag core-shell geometry. A comparison of the cube 

alignment relative to the underlying substrate (Figure 6.1d) reveals that these [111]-

oriented structures epitaxially align with the substrate in one of two in-plane orientations 

differing by 180° (denoted by the upward and downward pointing arrows) as is the case 

for the nanoprism structures described in the previous chapters. The synthesis of core-shell 

nanocubes that are epitaxially aligned with the underlying substrate is a feature unique to 

this work. 
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6.3. The Robustness of the Nanocube Growth Mode  

With citrate widely accepted as a capping agent for (111) facets and the current results 

indicating otherwise, we began to systematically perturb the nanocube growth mode with 

the goal of altering it in a manner that has it revert to the anticipated octahedral growth 

mode and, in the process, rationalize our unexpected results [171]. All of these studies were 

carried out, not on arrayed seeds, but using Au seeds formed through the dewetting of 

ultrathin Au films [172, 173]. Such seeds, while randomly positioned and showing a wide 

size distribution, were used because they are more easily prepared while still enabling 

nanocube formation. 

Figure 6.1 Morphological and elemental characterization of Au@Ag core-shell 

nanocube arrays formed in a seed-mediated synthesis where citrate plays the dual role of 

reductant and capping agent. (a) Large-area 65° tilted-view SEM image of the arrayed 

structures. (b) A higher magnification mixed mode image (SE + BSE) of the tilted array 

along with insets showing an individual [111]-oriented core-shell nanocube taken in both 

the SE and mixed mode formats. (c) Schematic representation, plan view SE, and mixed 

mode images of a single Au@Ag core-shell nanocube and the associated elemental maps 

and line scans. (d) Plan view SE image indicating that the nanocubes epitaxially aligned 

with the sapphire substrate in two orientations differing by an in-plane angle of 180° 

(yellow arrows). Figure taken from 168. 
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Initial efforts to disrupt the nanocube growth mode focused on determining the role of 

(i) pH, (ii) possible surface contamination of the seed, (iii) reaction kinetics, and (iv) the 

substrate material. The standard octahedral growth mode utilizes AA as the reducing agent 

and is, hence, carried out at reduced pH. In an effort to determine whether the protonation 

of the growth solution is capable of disrupting the nanocube growth mode, a series of 

syntheses were carried out where HNO3 was added to the growth solution (Figure 6.2). It 

was determined that the nanocube synthesis was able to withstand a pH reduction to 3.2. 

Just below this value some of the (100) facets showed signs of pitting, but no (111) growth 

was observed. Decreasing the pH to 2.5 inhibited Ag nucleation on the Au seeds with (111) 

facets resulting in the least growth (denoted by yellow arrows). A further reduction of the 

pH to 2 further frustrated Ag nucleation. With pH effects ruled out as a means to promote 

an octahedral growth mode, it was deemed possible that gas molecules chemisorbed onto 

the seed surface or some other surface contaminant incorporated during the dewetting 

procedure could act as a facet-selective capping agent [148, 174]. The fact that the 

nanocube growth mode is maintained when seeds undergo ozone cleaning or when etched 

with dilute aqua regia argues against this possibility. In fact, these procedures seem to 

enhance sample quality rather than diminish it. A kinetically driven reaction which favors 

the formation of (100) facets instead of the thermodynamically preferred (111) facets has 

also been ruled out since the injection of solvated AgNO3 into the growth solution by 

quickly pouring it in or through an injection lasting 1 h both yielded nanocubes. Wide 

variations to the concentration and ratio of the Na3CA and AgNO3 reagents also lead to 

nanocube formation. The substrate material also had little influence upon the growth mode, 

giving rise to nanocube formation on yttria stabilized zirconia (YSZ), MgAl2O4, 
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(La0.18Sr0.82)(Al0.59Ta0.41)O3, and LaAlO3 substrate. Overall, there have been well over a 

hundred syntheses carried out for the Au@Ag system and, while sample quality has varied, 

there has never been a case where (111)-faceted octahedra emerge.  

 

Figure 6.2 Plan view SEM images (top row: SE mode, bottom row: SE + BSE mode) 

showing the influence of reduced pH on the Au@Ag core-shell nanocube growth mode in 

which citrate acts as both the reductant and capping agent. Note that, while the nanocube 

geometry is lost at low pH values, there is never an instance where (111) Ag faceting is 

observed. Figure taken from 168. 

 

With the robustness of the Au@Ag nanocube growth mode established, efforts were 

made to determine whether the overgrowth of Ag was dependent on seed composition or 

its crystallographic orientation. Figure 6.3 summarizes the results for seeds comprised of 

Au, Ag, Pt, and Pd formed through the dewetting of ultrathin films deposited on a sapphire 

substrate. It shows SEM images of the various seed orientations as well as compositional 

and morphological characterization of the structures which evolve when Ag is reduced onto 

[100]-, [111]-, and [110]-oriented seeds by citrate. In all cases, Ag overgrowth leads to the 

formation of structures with a nanocube geometry and where the core-shell structures 

display sharp interfaces. It is, however, noted that Pt seeds often gives rise to asymmetric 

geometries where Ag growth seems inhibited on one side of the structure or where facets 

meet. The formation of core-shell nanocubes using Pd and Pt seeds indicate that the 
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nanocube growth mode is able to withstand lattice mismatches between the core and shell 

which are as high as 4.8%.  

The growth mode is also able to accommodate the intricate seed geometries displayed 

by Pt and Pd which deviate from the equilibrium shape (i.e., the truncated octahedron) in 

that there are additional high index facets [175]. The ability to form structures using Ag 

seeds demonstrates that this growth mode is amenable to homoepitaxial depositions 

capable of modifying the shape of the structure as it grows. 

Together, these results further attest to the robustness of the growth mode and, as a 

result, supports the conclusion that nanocube formation has its origins, not in some 

Figure 6.3 Schematics, plan view SEM images, and elemental mapping of (a) [100]-, 

[111]-, and [110]-oriented Au seeds and (b) the Au@Ag nanocube structures formed when 

citrate is used as an Ag+ reductant and capping agent. Plan view SEM images and EDS line 

scans showing that the same nanocube growth mode occurs when the synthesis utilizes seeds 

comprised of (c) Ag, (d) Pt, and (e) Pd. Figure taken from 168. 
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peculiarity in our synthesis, but is instead the intrinsic growth mode occurring when citrate 

is allowed to act as both the capping and reducing agent in this seed-mediated synthesis. 

6.4. The Influence of Ascorbic Acid on the Nanocube Growth Mode 

Using Au seeds, produced in the identical manner, a series of three-reagent seed-

mediated syntheses were carried out in which aqueous AgNO3 is injected into a solution 

containing 10 mM Na3CA where the molar concentration of AA was systematically 

increased from 0 to 25 mM (Figure 6.4). At a concentration of 0.005 mM AA, the only 

effect on the nanocube growth is the appearance of some imperfect corners (denoted by 

red arrows). At 0.05 mM AA, the nanocube growth mode begins to break down, showing 

(100) facets which appear concave (yellow arrows) due to a diminishing growth rate on 

this facet. A further increase to 0.5 mM leads to conformal growth with near equal growth 

rates on the (111) and (100) facets.  

 

Figure 6.4 Plan view SEM images (top row: SE mode, bottom row: SE + BSE mode) 

showing the influence of increasing AA concentration on the Au@Ag core-shell nanocube 

growth mode. For all of these syntheses the molar concentration of Na3CA was held 

constant at 10 mM. Note that the effect of increasing AA is to transform the nanostructure 

geometry from a (100)-faceted cube to a (111)-faceted octahedron. Figure taken from 168. 
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As the AA concentration is increased further, the (100) facets (green arrows) decrease 

in size as the (111) facets progressively dominate the nanostructure geometry. The overall 

progression, therefore, reveals that the addition of AA to the synthesis causes the robust 

nanocube growth mode to give way to an octahedral geometry exhibiting the 

thermodynamically favored (111) facets.  

6.5. Discussion 

The results presented here, as well as those recently reported by Liu et al. [166], and 

Cha et al. [176] demonstrate that the seed-mediated syntheses of core-shell nanostructures 

can occur at the liquid-substrate interface using substrate-immobilized seeds arranged in 

periodic arrays. Such syntheses could advance a growing list of potential applications 

which take advantage of substrate-based nanostructures with the nanocube geometry [150], 

[177]. In terms of synthesis, this work demonstrates a straightforward two-reagent reaction 

able to generate Ag-based core-shell nanocubes which are epitaxially aligned with the 

underlying substrate. Significant, is that it also reveals that citrate can be used to promote 

the formation of (100) Ag facets. While the formation of such facets using citrate is quite 

unexpected, we are, at the same time, unaware of any synthesis which is in contradiction 

to our results, i.e., a seed-mediated colloidal synthesis where, in the absence of AA, (111)-

faceted octahedra are formed through the reduction of Ag+ by citrate onto Au, Ag, Pt, or 

Pd seeds. 

On the basis of the current results, it is concluded that citrate is responsible for the 

selective passivation of the (100) facets and, in doing so, provides the shape-control 

chemistry needed to promote the nanocube geometry. With only two reagents used in these 

reactions (i.e., Na3CA, AgNO3), it is difficult to propose an alternative explanation. While 
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it may seem plausible that fast growth kinetics could promote the formation of structures 

which deviate from the equilibrium geometry, the fact we have demonstrated that nanocube 

formation persists when AgNO3 is slowly injected into the growth solution provides a 

compelling counterargument. A kinetically driven nanocube growth mode would also be 

contrary to our previous study [154] which shows that fast kinetics leads to conformal 

growth when Ag+ is reduced by AA onto these same surfactant-free Au seeds. 

Alternatively, it could be argued that the sapphire substrate is somehow responsible for the 

nanocube geometry, but this too seems implausible since the aforementioned study also 

demonstrates that surfactant-free seeds supported on a sapphire substrate can lead to the 

synthesis of (111)-faceted Au@Ag octahedra.  

If citrate is indeed responsible for (100) capping, then there are several scenarios under 

which this could occur while providing the means to reconcile the current results within 

the context of the existing literature. In the first scenario citrate would act as the selective 

capping agent, but where AA interferes with this capability. Citrate would, hence, promote 

nanocube formation only when AA is absent or in small enough concentrations that its 

impact on the reaction is limited. When AA is present in quantities of significance, the 

capping ability of citrate is neutralized and structures supporting the more energetically 

favorable (111) facets prevail. This scenario, however, requires a reexamination of citrate 

as a (111) capping agent responsible for the emergence of the octahedron geometry. It is 

noted that when a citrate-free colloidal synthesis, in which Ag+ was reduced with AA onto 

Au nanocube seeds, was carried out it gave rise to an octahedron-like geometry, but where 

the facets displayed some concavity [152]. We have also demonstrated a substrate-based 

seed-mediated protocol able to form Au@Ag octahedra using only AA and AgNO3 [144]. 
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In addition, fundamental studies addressing citrate attachment to metal nanostructures have 

proven controversial [165, 178], with some supporting the preferential attachment of citrate 

to (111) facets and others ruling out this possibility. In a second scenario, the required (100) 

capping agent would be a chemical species derived from the oxidation of citrate. Such a 

species would, however, have to, not only cap (100) facets, but also outcompete any (111) 

capping by citrate over various regimes of kinetics, concentrations, and pH values. In this 

scenario, it would be this oxidation product which would be deactivated by small 

concentrations of AA and, hence, allow for the (111) capping by citrate to dominate. 

Possible capping agents include acetonedicarboxylate (ADC) or acetoacetate. ADC is 

known to form through the oxidation of citrate and has a significant impact on Au 

nanoparticle formation using the inverse Turkevich method [179]. Moreover, it has been 

demonstrated that Ag+ ions catalyze the formation of ADC [180]. Regardless of the 

prevailing scenario, the nanocube growth mode remains intrinsic to the use of citrate as 

both a capping and reducing agent in this seed-mediated synthesis. 

6.6. Experimental Section 

Chemicals. Au, Ag, Pt, and Pd sputter targets were cut from 0.5 mm thick foils (Alfa 

Aesar) with purities of 99.9985%, 99.9985%, 99.99%, and 99.95%, respectively. Sb and 

Bi sputter targets were cut from rods with 99.999% purity (ESPI Metals). The (0001)-

oriented sapphire and (100)-oriented substrates of YSZ, MgAl2O4 , (La0.18 Sr 0.82 )(Al 0.59 

Ta 0.41 )O3, and LaAlO3 with dimensions of 7 × 7 × 0.5 mm were cleaved from larger wafers 

sourced from MTI Corporation. The seed assembly processes were carried out in ultrahigh 

purity Ar. The solution-based syntheses utilized 99.9999% silver nitrate (Sigma Aldrich), 

99% trisodium citrate dihydrate (Alfa Aesar), 99% L -ascorbic acid (Fisher Scientific), HCl 
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(Alfa Aesar), and nitric acid (Sigma Aldrich). Deionized (DI) water with a resistivity of 

18.2 MΩ cm −1 was used for the preparation of all aqueous solutions. Glassware was 

cleaned with aqua regia and thoroughly rinsed in DI water prior to use. All chemicals were 

used as received.  

Vapor Phase Seed Assembly Processes. Substrate-immobilized seeds were prepared 

as either randomly positioned structures with a substantial size distribution or as periodic 

arrays with a narrow size distribution using vapor phase assembly techniques described in 

detail elsewhere [35]. The assembly of the randomly positioned structures was reliant on 

the thermal dewetting of ultrathin sputter deposited films, [120] but where sacrificial layers 

of Sb or Bi were sometimes used (i.e., for Pt and Pd) to enhance the dewetting process and 

provide superior shape uniformity [35]. The periodic arrays of Au were prepared using a 

lithography-free templated assembly technique which also employed a sacrificial layer of 

Sb [35]. When sacrificial layers were used, the reproducibility and overall sample quality 

in solution-based reactions were improved when the seeds were dipped into dilute aqua 

regia (5 ×10 –3 m molar ratio HCl:HNO3 is 3:1) for 5 s and then rinsed in DI water. It was 

suspected that this improvement stems from the dissolution of contaminants from the 

sacrificial layer which remained on the seed surface in small quantities. It is, however, 

important to note that the nanocube growth mode persists whether or not these sacrificial 

layers and/or aqua regia are used. All templates were assembled in a tube furnace with 

flowing Ar (65 sccm) where a dedicated quartz tube was used for each seed material in 

order to avoid cross-contamination. 

Citrate-Induced Nanocube Formation. In the standard nanocube synthesis, solutions 

containing 3 mL of 1 × 10 –3 M AgNO3 and 1 mL of 10 × 10 –3 M Na3CA were preheated 
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to 95 °C. The substrate-immobilized seeds were then placed at the bottom of the reaction 

vessel containing Na3CA and allowed to equilibrate for 1 min. The reaction was then 

initiated by adding the AgNO3 solution and allowed to proceed for 5 min. Over this time 

interval the color of the solution transformed from clear to yellow due to the spontaneous 

nucleation and growth of colloidal silver. The substrate was then removed from the reaction 

vessel and rinsed in DI water for 30 s while undergoing ultra-sonication in order to remove 

colloidal Ag adhered to the substrate surface. The sample was then removed from the water 

and dried in a flow of compressed air. The pH dependence shown in Figure 6.2 was 

obtained by adding varying amounts of HNO3 to the Na3CA solution. 

Three-Reagent Syntheses Utilizing AgNO3, Na3CA, and AA. The three reagent 

syntheses, which gave rise to the results in Figure 6.4, were carried out in order to establish 

the influence of AA on nanocube formation. The syntheses proceeded in a manner identical 

to the two-reagent reaction except that varying amounts of AA (0.005 to 25 × 10–3 m) were 

added to the Na3CA solution. The AgNO3 was then added in a dropwise manner. 

Instrumentation. All of the depositions required to form substrate-based seeds were 

carried out using a model 681 Gatan high-resolution ion beam coater. The seed assembly 

processes were carried out in a Lindberg Blue M tube furnace. SEM images, EDS cross-

sections, and elemental maps were all obtained using an FEI 450 FEG ESEM. 

Transmission electron microscopy (TEM) measurements utilized a JEOL JEM-1400 

Transmission Electron Microscope. 
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6.7. Conclusion 

In summary, we have demonstrated a nanocube growth mode occurring for the two-

reagent seed-mediated synthesis in which citrate acts as both reductant and (100) capping 

agent. It has been used to fabricate periodic arrays of substrate-immobilized core-shell 

nanocubes where the epitaxial alignment and asymmetries imposed by the underlying 

substrate give rise to a unique set of nanostructures. These results were surprising in light 

of well-established synthetic protocols which deploy citrate as a (111) capping agent able 

to promote an octahedral geometry. By systematically perturbing the nanocube growth 

mode we have determined that it is robust to a wide range of processing conditions, but 

where the incorporation of AA into the synthesis sees the nanocube growth mode give way 

to an octahedral geometry. It is, hence, possible to reconcile this seeming contradiction 

through an understanding which designates citrate (or an oxidation product) as a (100) 

capping agent, but where this capability is compromised by an interplay between it and 

AA. In a broader sense, this study further demonstrates that the rich and powerful colloidal 

chemistry associated with noble metal nanostructures can be adapted to syntheses 

occurring at the liquid-substrate interface in a manner yielding both mechanistic insights 

and nanostructure architectures unobtainable through other means. 
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CHAPTER 7 

7. SOLUTION PHASE NUCLEATION OF NANOSHELLS, NANOCAGES, AND 

NANOFRAMES, USING GALVANIC REPLACEMENT  

7.1. Introduction 

Template–mediated solution–based chemistry has proven to be one of the most 

effective means for exerting architectural control over syntheses directed toward the 

formation of complex noble metal nanostructures [181-185]. Such syntheses aim to replace 

erratic and disorganized self–nucleation processes with orderly processes dictated by well–

defined templates capable of exerting control over reaction pathways such that a single 

end–product is produced in high yield. Templates can act as platforms upon which material 

is deposited or sculpted through its partial dissolution into the adjacent liquid medium. 

These additive and subtractive processes can also be used in combination to yield a product 

displaying even greater intricacy. The template itself can be completely eliminated from 

the final structure, become partially hollowed, or be assimilated into the end–product intact 

or as a chemically altered material. In all cases, the objective is to obtain nanostructure 

architectures with properties and functionalities unrealizable through other means. Such 

nanomaterials are of high relevance to sensing [186], catalytic [187, 188] photovoltaic 

[189], and biomedical applications [190]. 

Through the use of reduction–oxidation (redox) reactions it is possible to activate both 

additive and subtractive template–mediated growth modes. The heterogeneous nucleation 

of reduced metal ions onto the template, for example, provides a straightforward strategy 

for obtaining bimetallic core–shell structures (abbreviated as core@shell)[191, 192]. 

Shape–control can be achieved by suitably adjusting the kinetics of the deposition process 
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[193, 194], or through the deployment of facet–selective capping agents able to promote 

the advancement of specific facets [195-197]. Tunable nanostructure properties are realized 

by varying the overall shape of the structure, the thickness of the shell, and/or the metals 

which make up the core and shell. Galvanic replacement reactions also rely on redox 

chemistry, but where material is simultaneously added and subtracted from a template as 

it undergoes a dramatic transformation in composition and morphology [181].  

These reactions are driven by favorable differences in the redox potential between the 

template and the metal ions in the precursor solution. If the metal ions have a more positive 

redox potential than the template, then they become reduced and plate the surface of the 

template as template atoms become oxidized and dissolve into solution. The overall process 

is quite involved, first transforming a solid template into a hollow shell, then into a caged 

structure exhibiting substantial openings on its side facets, and finally into a mere frame 

where material exists only along the ridges where the template facets originally met. This 

morphological evolution is accompanied by changes to the composition which trend from 

that of the template metal, to an alloyed shell, to a dealloyed nanocage, to a nanoframe 

composed almost entirely of the reduced metal. Because galvanic replacement reactions 

can be terminated at any point along the reaction pathway, it is possible to derive an entire 

family of nanostructure architectures from a single synthetic protocol. As a result, noble 

metal nanoshells [181], nanocages [197], and nanoframes [182, 198, 199] are all attractive 

in that they have distinctive properties that can be tuned over a wide parameter space. By 

combining the two aforementioned procedures, nanostructures of even greater structural 

complexity are obtained when galvanic replacement reactions are carried out on core–shell 

structures. In a scenario where the shell, but not the core, is subject to replacement, the 
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reaction product is a shell that encapsulates a mobile core and an adjacent void (i.e., 

core@void@shell). Such structures, referred to as nanorattles, were first synthesized by 

Xia and co–workers [190, 191] and have since been demonstrated for numerous geometries 

and materials [201-206]. 

In a series of reports, we have demonstrated template–mediated solution–based 

syntheses as being amenable to adaptations that allow them to be carried out on templates 

that are immobilized on the surface of a substrate [207- 213]. The strategy is reliant on the 

fabrication of seeds through the dewetting of ultrathin metal films [214]. Such seeds are 

free of ligands, can form a heteroepitaxial relationship with the substrate, and, for metals 

with a face centered cubic crystal structure, adopt the equilibrium Wulff–shape [215] (i.e., 

a truncated octahedron enclosed by six square {100} facets and eight hexagonal {111} 

facets). The heterogeneous nucleation of Ag onto Wulff–shaped Au templates has resulted 

in the synthesis of substrate–based Au@Ag nanocubes [208], octahedral, and truncated 

octahedral [209]. Galvanic replacement reactions performed on Ag templates have resulted 

in the formation of substrate–based AuAg nanoshells and nanocages [200, 201]. Together, 

these syntheses provide the procedures needed to adapt the nanorattle strategy to substrate–

immobilized templates. Here, we carry out such a strategy using substrate–immobilized 

X@Ag (X = Au, Pt, Pd) core–shell structures and obtain Wulff–shaped nanostructures 

confined within AuAg nanoshells, nanocages, and nanoframes. In stark contrast to 

nanorattles, where the mobile core rests against the confining nanoshell, the substrate–

based structures maintain a well–defined gap between the inner core and outer shell since 

both of these components are immobilized by the underlying substrate. It is the formation 

of this gap, a property that is unrealizable using solution–dispersed templates, that could 



80 

act as an enabler for advancing functional surfaces of plasmonic and chemically–active 

noble metal nanostructures [216].  

7.2. The Reaction Scheme 

The devised procedure for confining a Wulff–shaped Au nanostructure within a 

nanoshell, nanocage, or nanoframe is shown schematically in Figure 8.1 This multistage 

synthesis begins with the physical vapor deposition of an ultrathin layer of Au (Figure 

7.1a). The film is then heated in an inert atmosphere to temperatures that induce dewetting 

while providing sufficient energy for the island–shaped nanostructures to assume the 

equilibrium Wulff–shape and form a heteroepitaxial relationship with the crystalline 

substrate (Figure 7.1b). It is noted that surface energy considerations typically demand a 

truncation of the Wulff–shape at the substrate–nanostructure interface, the extent of which, 

is material–dependent [215]. The substrate–immobilized Au templates are then immersed 

into a heated aqueous solution containing a reducing agent (e.g., ascorbic acid) into which 

aqueous AgNO3 is injected. The ensuing reaction reduces Ag+ ions to Ag0, a neutral species 

which readily deposits on the Au templates to form a Au@Ag core–shell structure (Figure 

7.1c). A galvanic replacement reaction is then carried out on the Ag shell by exposing these 

structures to aqueous HAuCl4. As Au3+ ions react with the Ag template, they become 

reduced to Au0 and plate its surface. Alloying between the plated Au and Ag template leads 

to the formation of an AuAg shell, but where continued deposition causes it to become 

increasingly Au–rich and, hence, relatively impervious to further Ag oxidation. At this 

stage, oxidation mostly occurs through template hollowing from a single opening in the 

shell through which oxidized Ag is removed as Au is continuously deposited on the surface 

of the shell. This process continues until the supply of pure Ag is exhausted, after which, 
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the opening seals [217]. If, at this stage, the reaction is halted through the removal of the 

substrate from the reaction vessel, then the Wulff–shaped Au is encapsulated in a 

continuous AuAg nanoshell where the shell and core are separated by a gap (Figure 7.1d). 

If, however, the galvanic replacement reaction is allowed to proceed, then the AuAg shell 

dealloys as more Au3+ is reduced onto the shell as Ag+ ions exit from its surface. The 

dealloying process triggers a morphological reconstruction of the shell due to an overall 

loss of material resulting from the 3:1 Ag+:Au3+ replacement ratio [181].  

Eventually, the material loss is sufficient to cause the side facets most prone to 

dealloying to rupture in numerous locations, a process that, if terminated, results in a 

product with the nanocage configuration (Figure 7.1e). Continued dealloying leads to the 

disintegration of the facet faces, eventually leaving behind a framework that traces out the 

seams where the Ag shell facets once met. A reaction halted at this stage results in an Au 

core encircled by a near–pure Au nanoframe (Figure 7.1f). 

Figure 7.1 Schematic showing the synthetic procedure for forming nanoshells, 

nanocages, and nanoframes around Wulff–shaped Au nanostructures that are 

substrate–immobilized. The procedure involves (a) the deposition of an ultrathin Au 

film, (b) its assembly into Au templates through thermal dewetting, (c) the formation 

of a solid Ag shell around the template through the reduction of Ag+ by ascorbic acid 

(AA), (d) the galvanic replacement (GR) of Ag with Au to form a AuAg nanoshell, 

and (e) the dealloying of the nanoshell to transform it into a nanocage and (f) 

nanoframe. Figure taken from 216. 
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7.3. Nanostructure Synthesis Using Au Templates  

Figure 7.2 shows plan view scanning electron microscopy (SEM) images and the 

associated elemental maps for structures obtained when terminating the synthesis at various 

points in the reaction scheme. The predominantly [111]–oriented Au templates used in the 

syntheses were formed on [0001]–oriented sapphire substrates in one of two epitaxial 

relationships given by (111)[–211]Au||(0001)[11–20]sapphire and (111)[2–1–1]Au||(0001)[11–

20]sapphire [218]. Smaller yields of [110]– and [100]–oriented templates are also formed and 

are monitored in this study so as to track the evolution of all three low–index orientations. 

The overgrowth of Ag on these templates results in the Au@Ag core–shell structures 

shown in Figure 7.2a. For the most part, the solid Ag shells form a conformal layer for all 

template orientations, but where it should be understood that the growth kinetics were 

adjusted to achieve this outcome [209]. When deviations from conformal growth are 

observed, it is typically for smaller templates and leads to the formation of triangular–

shaped core–shell structures due to the preferential growth of (111) facets.  

The galvanic replacement of the Ag shell by Au3+ ions leads to the formation of the 

Au@void@AuAg nanoshells shown in Figure 7.2b. The reaction product appears as a 

downward–facing faceted shell that, in combination with the underlying substrate, 

envelopes the Au core. Bonds formed between the shell and the substrate during the 

replacement reaction ensure shell adhesion and the preservation of a well–defined gap 

between it and the core. At this stage, the predominantly Au shells are weakly alloyed with 

Ag and can show low levels of porosity. The smooth morphologies exhibited by the 

galvanic replacement of this solution–grown Ag contrast with the rough morphologies 

exhibited when templates are formed through the dewetting of Ag films [211], a fact that 
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suggests that fundamental differences may exist between templates formed using these two 

methods. Dealloying Ag from the shells causes many pores to open up on the facets, which, 

over time, grow and merge to form the nanoframes shown in Figure 7.2c.  

These structures, regardless of orientation, show prominent openings where the 

(111) facets of the shell once existed. Openings also appear on the (100) facets, but to a 

lesser extent. Elemental mapping indicates that both the core and frame are composed of 

Au, with no detectable levels of Ag. If the structures are reacted further the framework 

weakens, eventually causing it to collapse onto the inner core and/or have fragments 

released into the adjacent liquid. Such a process is consistent with the fragmentation 

process that occurs when solution–dispersed templates are overreacted [181].  

Through the use of facet–selective capping agents it is possible to redirect the synthesis 

of the Ag shell toward core–shell architectures that are different from those shown in 

Figure 7.2 Plan view SEM images for substrate–based nanostructures with the (a) 

Au@Ag core–shell, (b) Au@void@AuAg nanoshell, and (c) Au@void@Au nanoframe 

configurations. For all cases, schematics and elemental maps are shown for individual 

nanostructures derived from Au templates having the [111]–, [110]–, and [100]–axes 

normal to the substrate surface. Figure taken from 216. 
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Figure 7.2a and, in doing so, fundamentally alter the product realized when carrying out 

the reaction scheme. Recently, we demonstrated a two–reagent synthesis in which Ag+ is 

reduced onto substrate–immobilized Au templates using citrate as the reductant and 

capping agent [208]. The reaction product is a Wulff–shaped Au core enclosed within an 

Ag shell shaped as a (100)–faceted nanocube. Figure 7.3 presents a series of plan view 

SEM images that show the time evolution of a [111]–oriented Au@Ag nanocube as the Ag 

shell undergoes galvanic replacement. The images are shown as both secondary electron 

(SE) and mixed mode images, where the latter combines the secondary and backscattered 

electron (BSE) images in a manner that accentuates the core–shell geometry. The 

progression shows many of the same features observed when solution–dispersed 

nanocubes undergo galvanic replacement reactions [216]. The initial stages of the reaction 

see the heteroepitaxial deposition of Au onto the shell and the formation of a single opening 

which acts as a portal through which oxidized Ag+ is released from the shell interior 

(Figure 7.3b). When the supply of pure Ag is exhausted the pit closes to form a nanoshell 

(Figure 7.3c–d). Shell dealloying results in further Au deposition and the formation of 

highly porous sidewalls (Figure 7.3e) which eventually give way to the nanoframe 

configuration where substrate–immobilization, once again, results in a well–defined gap 

between the Wulff–shaped Au core and the surrounding frame (Figure 7.3f). For this case, 

however, the well–defined openings form on the (100) facets. Figure 4 shows SEM images 

and the associated elemental maps of individual structures formed at points of significance 

in the reaction sequence as well as corresponding images of surfaces containing many of 

these same structures. The elemental maps confirm that the box–shaped nanoshell (Figure 

7.4b) is composed of a AuAg alloy and that there is a near–total loss of Ag for the 
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nanoframe (Figure7.4d). It is also evident from the images that identical structures form 

in one of two possible crystallographic orientations relative to the underlying substrate 

(denoted by the red and yellow arrows in Figures 7.4e–h). 

While the galvanic replacement of these substrate–based structures shows obvious 

parallels to the corresponding solution–based growth modes, there are differences. Most 

notable is the tendency for preferential deposition to occur on the ridges of the nanocube. 

Figure 7.3 Plan view SEM images (top row: SE mode, bottom row: SE + BSE mode) 

showing the evolution of a [111]–oriented Au@Ag nanocube as the Ag shell undergoes 

galvanic replacement. Figure taken from 216. 

Figure 7.4 Schematics, SEM images, and elemental maps of a cube–shaped 

nanostructure with a (a,e) core–shell, (b,f) nanoshell, (c,g) nanocage, and (d,h) nanoframe 

configuration. Figure taken from 216. 
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As a result, the ridges become increasingly exaggerated over the course of the replacement 

reaction (Figure 7.3b–d), leaving the (100) facets exceedingly thin. This difference carries 

over to the early stages of the dealloying phase, causing the (100) facets to rupture in 

numerous locations to form a thin permeable mesoporous membrane on each of the 

sidewalls having a lace–like appearance (Figure 7.4c). With rounded ridges and perforated 

facets, these large surface area nanocages must have both a large surface energy and a high 

density of atomic steps, kinks, and undercoordinated atoms. While the appearance of many 

pores on dealloyed facets is not unique to this work [219], the overall structure is without 

precedent. These differences could originate from the fact that our nanocube synthesis does 

not utilize poly(vinylpyrrolidone) as a capping agent as is typically the case. It also noted 

that the total mass of the Au templates (0.6 μg) is significantly smaller than is typically 

used in colloidal syntheses, a factor that could significantly alter growth kinetics. 

7.4. Optical Characterization  

Accompanying the extensive morphological transformations occurring over the course of 

the reaction sequence are equally dramatic changes to the optical properties. Figure 7.5 

shows the evolution of the extinction spectra that occurs as Au@Ag core–shell structures 

with truncated octahedron and cubic geometries progress through the various stages of the 

reaction scheme. With each stage of the reaction giving rise to a profoundly altered 

response there is the opportunity to tune the optical properties to a desired specification. 

At the same time, it should be recognized that, as plasmonic materials, the optical behavior 

is highly complex, involving not only fundamental changes to the nanostructure shape, 

size, and composition, but where coupling phenomena are possible and where structures 

are exposed to the asymmetric dielectric environment resulting from the adjacent substrate. 
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While simulations of the optical response over the entire course of the reaction have proven 

to be a formidable challenge, the overall behavior follows trends similar to those observed 

when plasmonic noble metal colloids undergo comparable morphological transformations. 

A comparison of the extinction spectra obtained using Au@Ag core–shell structures 

with truncated octahedron (Figure 7.5a) and cubic (Figure 7.5b) geometries indicates that 

the overall trends are quite similar. Each is derived from Au templates that exhibit a 

prominent plasmon resonance near 600 nm (denoted by the yellow arrow) with a shoulder 

at 520 nm as is expected for a Wulff–shaped structure [220, 221]. The addition of a Ag 

shell to these templates results in an overall increase in the extinction efficiency, a red shift 

in the primary plasmon peak (red arrow), and the emergence of a second plasmon mode 

centered near 420 nm (blue arrow) on which several smaller reproducible peaks are 

superimposed. The emergence of a second low–wavelength plasmon mode is in line with 

spectra obtained for rather thick shells formed on Au colloids [192, 222]. The behavior has 

been modeled by Ma et al. [223]. Using simulations based on the discrete dipole 

approximation (DDA), which rationalize the spectral features through a hybridization of 

the plasmon resonances of the Au core and Ag shell. The transformation to a nanoshell 

morphology through galvanic replacement causes (i) a weakening of the primary plasmon 

mode, which is accompanied by a blue shift back to values near its original position (i.e., 

600 nm), (ii) the 420 nm mode to diminish in strength, and (iii) the emergence of a broad 

mode centered in the near–infrared (violet arrow). As the galvanic replacement reaction 

transforms the structures into nanocages and nanoframes, the near–infrared mode red shifts 

and the plasmon peak centered near 600 nm increasingly takes on the character of the 

starting Au template. Such behavior is consistent with both the expected response from a 
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nanoframe [182] and an inner core plasmon resonance that becomes increasingly 

decoupled from the confining structure. For all cases, the expected influence of the 

substrate is to red shift the plasmon modes [224]. 

7.5. Nanostructure Synthesis using Pt and Pd Templates.  

Synthetic trials were also carried out in which the Au templates were substituted for Pt 

and Pd in the reaction scheme. Pt@Ag and Pd@Ag core–shell structures were first 

synthesized where the Ag shell took on both the truncated octahedron and cubic 

geometries. Figure 7.6 shows SEM images and elemental line scans obtained using (111), 

(110)–, and (100)–oriented templates after the Ag shell underwent galvanic replacement 

with Au to the extent that it was transformed into a nanoframe. For all cases, structures are 

formed that are analogous to those obtained using similarly oriented Au templates. These 

results demonstrate the viability of extending the synthetic strategy to other noble metal 

Figure 7.5 Extinction spectra for the various nanostructures formed as Au 

templates are transformed into Au@Ag core–shell structures and then undergo 

galvanic replacement to achieve Wulff–shaped Au nanostructures confined within a 

nanoshell, nanocage, and nanoframe. The two plots compare spectra obtained when 

the reaction scheme is directed along a path yielding confining structures with a (a) 

truncated octahedron and (b) cubic geometry. Figure taken from 216. 
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templates. In doing so, it expands the complexity of the structures obtainable in that the 

inner core of one metal is surrounded by a nanoframe of a second metal, where in all cases 

the core and frame are isolated from one another by a gap. While such results are promising, 

several concerns still remain. Foremost, is the fact that we have not yet achieved the same 

degree of synthetic control for these structures compared to those produced with Au 

templates. Many of the structures produced take on irregular geometries, indicating that 

the crystallographic properties of the template have not asserted the desired control over 

the reaction. A second concern stems from the fact that Au, because it has a higher 

electrochemical potential than Pt and Pd, could galvanically replace the core material. 

While the elemental line scans show no evidence that this is occurring to any significant 

degree over the duration of the synthesis, we cannot rule out the possibility that the core 

material is coated with a thin layer of Au. 

  

Figure 7.6 Schematics, SEM images, and elemental line scans for nanoframes obtained 

when the shells of (a) Pt@Ag and (b) Pd@Ag structures with a truncated octahedron geometry 

and (c) Pt@Ag and (d) Pd@Ag structures with a cubic geometry are galvanically replaced 

with Au. For each case, structures are shown that are derived from [111]–, [110]–, and [100]–

orientated templates. Figure taken from 216. 
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7.6. Discussion 

The devised reaction scheme yields a never before realized family of nanostructures 

which allow for a high degree of chemical and architectural control to be exerted over the 

reaction product. Such nanostructure architectures, in many respects, seem ideal from the 

standpoint of exploiting the extraordinary optical and chemical properties exhibited by 

noble metal nanostructures. Properties of significance include: (i) the ability to form a 

well–defined gap between the inner core and outer shell, (ii) a nanostructure interior 

composed of three materials (i.e., the core, shell, and substrate), each of which has the 

potential to offer functionality, and (iii) tunable nanostructure architectures where the core 

material can be enclosed in a protective shell, connected to the outside environment 

through a mesoporous cage, or encircled by a frame offering near–complete exposure to 

the surroundings. By capitalizing on these features, we believe that there is the potential to 

realize functionalities that are unique to these nanomaterials or that outperform existing 

materials. In the remainder of this discussion section we outline how the overall synthetic 

strategy may be used to achieve such an outcome and, hence, highlight the potential 

significance of these substrate–based structures. 

With chemical controls deciding nanostructure faceting, geometry, and composition 

and the synthesized nanostructures having large surface areas and a high density of atomic 

steps, kinks, and undercoordinated atoms, these nanostructures present intriguing 

possibilities from the standpoint of catalysis. The core@void@cage architecture, in 

particular, seems ideally suited as a nanoreactor able to catalyze reactions within the 

confines of the void–space before releasing the reaction product to the outside 

environment. The chemical environment within such a nanoreactor would be unique in that 
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it could house multiple noble metal catalysts as well as an oxide material (i.e., the 

substrate). Yolk–shell architectures deploying oxide–metal combinations as catalysts have, 

in fact, been demonstrated for a wide variety of systems [225-227]. With proper design, 

such an environment could also promote cascade reactions whereby multiple catalysts 

drive multistep reaction sequences. With obvious efficiencies derived from such an 

approach, there is increasing attention being paid to nanoreactors capable of sustaining 

sequential catalytic processes [228, 229]. The use of plasmonic materials provides further 

opportunity in that there is the potential to power these nanoscale reactors using plasmonic 

near–fields and/or the localized heating generated by plasmon decay [230, 231]. Plasmonic 

structures provide further benefit in that their spectral dependencies are highly tunable. 

Substrate–based nanomaterials provide a natural platform for integration into sensing 

devices. With a scope of potential interactions stemming from plasmonic heating or near–

fields, hot electron injection into adjacent mediums, a sensitivity to the surrounding 

dielectric environment, and the ability to catalytically transform chemical species, noble 

metal nanostructures provide a wide range of modalities on which to base sensors. 

Nanostructures of the type demonstrated in the current study will inevitably share many of 

the same advantages exhibited by other noble metal nanostructures such as the tunability 

of plasmonic resonances, shape– and facet–engineering, easily functionalized surfaces, and 

the ability to host guest molecules either within the void–space or through surface 

conjugation. The core@void@shell architecture, however, has the potential to achieve an 

additional degree of tunability if synthetic control can be exerted over the width of the void. 

Such a capability would allow for a coupled response between the core and shell, which 

could be intensified or diminished in a controllable manner. The intense interest in dimer 
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structures is, in fact, a direct consequence of the coupling phenomenon achieved through 

nanogap–engineering [232]. Sensing modes could also rely on structures where a shell 

made of one material acts as the analyte receptor while the plasmonic core of a second 

material acts as the sensing element. Structures could also be designed where there exists 

near–field hot spots within the void space, providing an excellent environment for detection 

modes reliant on surface enhanced Raman scattering (SERS) [186]. Such structures should 

also be amenable to detection strategies based on colorimetric changes or plasmon 

enhanced fluorescence [186]. These same detection strategies could be further augmented 

if templates are first formed in periodic arrays [208-210], allowing for better 

monodispersity and opening up the possibility of fabricating pixelated sensing devices. 

7.7. Experimental Section 

Chemicals. Sputter targets of Au, Pt, and Pd were cut from 0.5 mm thick foils (Alfa 

Aesar) with purity levels of 99.9985%, 99.99%, and 99.95%, respectively, while the Bi 

target was cut from a rod with 99.999% purity (ESPI Metals). Two-side polished sapphire 

substrates with dimensions of 7 × 7 × 0.5 mm were cleaved from 3 in. diameter wafers 

(MTI Corporation). Dewetting procedures utilized ultra-high purity Ar as the processing 

gas. Template-mediated syntheses were carried out using 99.9999% silver nitrate (Sigma-

Aldrich), hydrogen tetrachloroaurate(III) trihydrate (Alfa Aesar), 99% L-ascorbic acid 

(Fisher Scientific), 99% trisodium citrate dihydrate (Alfa Aesar), and nitric acid (Sigma-

Aldrich). All solution-based syntheses were carried out using deionized (DI) water with a 

resistivity of 18.2 MΩ cm −1, where the glassware was cleaned with aqua regia and rinsed 

with DI water prior to use. All chemicals were used as received. 
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Template Preparation. The procedures used to obtain template materials are 

described in detail elsewhere [35, 120]. In all cases, template formation proceeded through 

the dewetting of ultrathin films that were sputter deposited onto [0001]-oriented sapphire 

substrates. For the case of Pt, the dewetting was enhanced using a sacrificial layer of Bi 

[35]. Pt templates were exposed to dilute aqua regia (5 mM, molar ratio HCl:HNO3 is 3:1) 

for 5 s and then rinsed in DI water immediately prior to the reduction of Ag on their surface 

in order to remove any surface contaminants [168].  

Core−Shell Synthesis. Au@Ag structures with a truncated octahedron geometry were 

formed by inserting substrate-supported templates into 1 mL of 10 mM ascorbic acid 

heated to 95 °C. After allowing 1 min for the substrate temperature to equilibrate, 3 mL of 

aqueous AgNO3 (1 mM, 95 °C) was added in a dropwise manner over a 2.5 min interval. 

The reaction was then allowed to continue for a 4 min duration, after which the substrate 

was removed from the solution and sonicated in DI water for 30 s to remove spontaneously 

nucleated Ag nanoparticles from the substrate surface. Au@Ag structures with a cubic 

geometry were formed by first preparing 95 °C aqueous solutions of (i) 3 mL of 1 mM 

AgNO3 and (ii) 1 mL of 10 mM trisodium citrate and 1 mL of 0.6 mM HNO3. The substrate 

was then placed into the solution containing citrate, where it was allowed to equilibrate for 

1 min. Cube formation was then initiated by rapidly adding the AgNO3 solution and 

allowing the reaction to proceed for 5 min. The substrate was then removed from the 

solution and sonicated in DI water. Further details regarding this synthesis can be found 

elsewhere [168]. 

Nanoshell, Nanocage, and Nanoframe Synthesis. Galvanic replacement reactions 

were carried out by inserting the substrate supported Au@Ag into 3 mL of aqueous HAuCl4 
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(20 μM) heated to 95 °C. The Au@Ag structures with the truncated octahedron geometry 

were typically reacted for 2, 6, and 10 min to obtain the nanoshell, nanocage, and 

nanoframe configurations, respectively. To obtain the same configurations for the Au@Ag 

structures with a cubic geometry required reaction times of 2, 6, and 12 min.  

Optical Measurements. The extinction spectra shown in Figure 7.5 were measured 

using unpolarized light with an electric field (E) and propagation vector (k) parallel and 

perpendicular to the substrate surface, respectively. For both cases (i.e., Au@Ag with a 

truncated octahedron and cubic geometry) a single sample was used to obtain all spectra. 

Obtaining this data, therefore, required that the sample be periodically removed from the 

liquid media containing reactants, rinsed in DI water, dried, characterized, and then 

reinserted into the reactants. Control experiments indicated that the removal and reinsertion 

process had no obvious influence on determining the reaction product. 

Instrumentation. Template formation utilized a 681 Gatan high resolution ion beam 

coater for film depositions and a Lindburg Blue M tube furnace for the dewetting 

procedure. An FEI 450 FEG ESEM was used to obtain SEM images and EDS maps and 

cross sections. The extinction spectra were obtained using a JASCO V-730 spectrometer. 

7.8. Conclusion 

The study carried out advances an area of research that aims to integrate many of the 

competencies of colloidal chemistry with substrate–based techniques. By adapting the 

nanorattle protocol to the substrate–based platform we have generated a class of hollowed 

nanomaterials confined in a nanoshell, nanocage, or nanoframe configuration where the 

internal environment is characterized by a Wulff–shaped noble metal nanostructure 

isolated from the confining structure by a well–defined gap and the supporting substrate 
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material. These syntheses yield what are arguably the most complex noble metal 

nanostructures ever obtained when carrying out solution–based growth modes on 

substrate–based templates. With the potential for a coupled response between the core, 

shell, and substrate components, there is the potential to advance chemically and optically 

active surfaces for catalytic and sensing applications. 
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CHAPTER 8 

8. SOLUTION PHASE NUCLEATION OF  WULFF IN A CAGE GOLD 

NANOPARTICLES AS  CONTRAST AGENTS FOR MEDICAL IMAGING 

Preface: This chapter discusses a series of unpublished investigations pertaining to 

the development of a novel contrast agent, i.e. gold nanocages. The goal of this chapter is to 

provide an introduction to the synthesis of colloidal gold nanocages and their properties and 

brief overview of the biocompatibility of these nanocages as a new class of contrast agents for 

photoacoustic (PA) and computed tomography (CT) imaging in the context of cancer 

diagnosis. 

8.1. Introduction and Motivation 

Nanotechnology is a field of science that involves the manufacturing and 

engineering of functional structures or nanodevices which are typical less than 100 

nanometers (nm) in one or more dimension. Cancer-based nanotechnology investigates and 

characterizes the ability of nanotools to diagnose and treat cancer by considering their 

interaction with tumors or other cellular elements. The small size of nanoscale devices 

introduces the possible outstanding therapeutic properties due to their penetration into 

tumors with greater specificity than most non-nanosized entities [233]. Therefore, 

nanostructures have potential for use in state-of-the-art applications such as sensing, 

imaging, therapeutics, drug delivery and electronics. The ability to fabricate and engineer 

these nanoscale materials will lead to the development of these devices as well as 

fundamental research in plasmonics [234].  
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Gold nanostructures are of considerable interest for biomedical research and 

cancer-based nanotechnologies, owing to their unique combination of bio-inertness, well- 

defined surface chemistry, and optical properties. These structures can be synthesized in 

different shapes such as nanoshells, nanorods, nanowires,  among others. Between these 

complicated nanoshapes, nanocages are characterized by porous walls, hollow interiors and 

tunable thicknesses. These outstanding structures have received particular attention for 

biomedical applications such as drug delivery, imaging and photothermal ablation[235].  

Gold nanocages can be produced in large scale with tunable thickness, porosity and 

size. During this straightforward procedure, controlling the amount of HAuCl4 affects the 

properties of nanocages. In this case, their local surface plasmon (LSPR) peaks changes to 

wavelengths in the range of 600-1200 nm [236]. These unique characteristics of gold 

nanocages are crucial to theranostic applications such as photothermal treatment, [237] 

drug delivery, [238] and as contrast agents for various optical and photoacoustic (PA) 

imaging [239] techniques. This chapter will (i) provide an overview of synthesis methods 

of gold nanocages, (ii) discuss the plasmonic properties of gold nanocages and (iii) describe 

their biocompatibility, which is important for use of these novel structures as contrast 

agents for photoacoustic (PA) imaging and computed tomography (CT). 
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8.2. Synthesis of Gold Nanocages 

The synthesis of gold nanocages is achievable by a common method which is called 

galvanic replacement reaction. A galvanic replacement reaction (GRR) is a spontaneous 

redox process, where the oxidation of one metal is caused by the reduction of ions of a 

second metal with a higher reduction potential [181]. To generate gold nanocages with 

GRR, a lower reduction potential metal such as silver acts as a sacrificial template and is 

oxidized by the gold ions with higher reduction potential in an aqueous solution. This 

interaction results in the oxidation and dissolution of the silver template and the 

simultaneous plating of the gold ions onto the template. This straightforward and easily 

carried out reaction has been used as a most feasible approach to synthesize porous and 

hollow nanostructures like nanocages for more than a decade. 

In this research, a Wulff-shaped Au nanostructure with six {100}-facets and eight 

{111}-facets have been used as a template to synthesize nanocage structures, which is 

shown schematically in Figure 8.1.  

 

 

 

 

 

 

 

 

Figure 8.1 Synthetic scheme used to form core-shell, nanoshell, and nanocage structures 

around Wulff-shaped Au NPs. The procedure involves (a) making the Au seeds in colloidal 

solution, (b) the formation of a Ag shell around the Au cores via the reduction of Ag+ by 

ascorbic acid (AA), (c) the galvanic replacement reaction (GRR) of Ag with Au to form an 

AuAg nanoshell, and (d) transforming the nanoshell into a nanocage. Figure provided by Ali 

Yaghoubzade. 
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The nanocages synthesis begins with the synthesis of Au nanoparticles (NPs) of 

approximately 70 nm in diameter, using the Turkevich method and a modified seeded 

growth method described by Perrault et al. (Figure 8.1a) [162, 240]. This method utilizes 

15 nm Au seeds, which are synthesized via the Turkevich method and act as nucleation 

sites to grow further gold around these seeds, such that they result in 70 nm diameter [241]. 

These 70 nm Au seeds are heated and then poured into a heated solution of aqueous 

ascorbic acid which acts as a reducing agent. Then after a minute, aqueous AgNO3 is 

injected into the solution of Au seeds and reducing agent. This injection will reduce Ag+ 

ions to Ag0, a neutral species which promptly plates on the Au templates to form an 

Au@Ag core-shell structure (Figure 8.1b). The solution is cooled in the ice bath and after 

purification, the collected core-shell structures are used for the next step of shape 

engineering of AuNPs, i.e. to create nanocage structures. For this purpose, the Au@Ag 

core-shell structures and aqueous HAuCl4 are heated separately, and a galvanic 

replacement reaction is carried out on the Ag shell by injecting aqueous HAuCl4 to the 

core-shell structure solution. As discussed above, the Au@Ag core-shell plays the role of 

a sacrificial template in the galvanic replacement process, where in this reaction the 

oxidation of three Ag+ ions from the shell occurs with the reduction of each Au3+ ion in the 

solution. This 1:3 ratio allows for charge to be conserved in the reaction. The core-shell 

structure of Au@Ag is a simple template material which the galvanic replacement reaction 

is able to transform into complex hollow nanoshells, nanocages composed of an Au-Ag 

alloy. So, as Au3+ ions are reduced, they form a nanoshell which alloys with the underlying 

Ag (Figure 8.1c). The addition of aqueous HAuCl4 leads to a spontaneous oxidation-

reduction reaction where HAuCl4 is reduced and silver is oxidized. As three Ag+ ions are 
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dissolved into solution, Au is epitaxially deposited onto the surface and the porosities are 

introduced into the shells, developing an AuAg cage which envelops the Au cores (Figure 

8.1d). Further discussion of this process can be found in Chapter 7 [216].  

Figure 8.2 shows transmission electron microscopy (TEM) images obtained during 

different stages of the gold nanocage synthesis in the reaction scheme. Figure 8.2a shows 

the Au NPs with around 70 nm diameters, which is used as a template to synthesize gold 

nanocages. The procedure involves the reduction 

of Ag ions on the Au NPs that causes the 

overgrowth of Ag on these cores and results in the 

Au@Ag core-shell structures shown in Figure 

8.2b. The galvanic replacement reaction of these 

structures using HAuCl4, causes the reduction of 

Ag shell by Au3+, generating the Au@void@AuAg 

structures (Figure 8.2c). The final product of this 

reaction is a porous shell that covers the Au core. 

The composition of the nanocage shell, are mostly 

Figure 8.3 TEM image of 

nanocages which have collapsed onto 

Au cores and shells. Figure taken by 

Maryam Hajfathalian. 

Figure 8.2 TEM images of a) Au seeds, b) Au@Ag core-shell structures, c) Au 

nanocages synthesized using galvanic replacement reaction. (scale bar is 100 nm in each 

panel) Figure taken by Maryam Hajfathalian. 
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Au which is poorly alloyed with Ag, and are, therefore, referred to as  gold nanocages in 

the remainder of this chapter. These structures have some porosities (red arrows), which 

are formed during the GRR on the shells. If the reaction is allowed to continue, the 

nanocages begin to collapse onto the inner core and fragment into pieces composed of 

essentially pure gold or AuAg separated shells; however, such an outcome is undesirable 

because this product is heterogeneous and cores can become completely separated from 

shells (Figure 8.3).  The overall chemical reaction in this galvanic replacement is given by 

Equation 1. 

3Ag(s) + AuCl4 
–(aq)              Au(s) + 3Ag+(aq) + 4Cl- (aq)                     (Eq. 1) 

 

From this research, by adjusting the galvanic replacement reaction, the degree of walls 

porosity and the sizes of them can be simply controlled, achiveing the hollow structures 

like nanocages. In this manner, the plasmonic properties can be optimized for applications 

like imaging, biomedical, electronics and sensors [242]. The next section discusses the 

remarkable plasmonic properties of gold nanocages that have made them promising 

candidates as contrast agents for the diagnosis of cancer. 

8.3. Plasmonic Properties of Gold Nanocages 

Gold nanocages are attractive for biomedical applications because they have strong 

plasmonic peaks in the near-infrared region which are referred to as the localized surface 

plasmon resonance (LSPR). The LSPR properties of metal nanoparticles comes from the 

interaction between the conduction electrons in a metal and an electromagnetic wave. 
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Because it is localized to the nanostructure and occurs on its surface, it is known as a 

localized surface plasmon resonance [243].  

The remarkable LSPR features of gold nanostructures are intensely dependent on 

some nanoparticle characteristics such as their composition, shape, size and porosities; 

these properties could be investigated using the UV-visible-near-infrared spectroscopic 

method [244]. Gold nanostructures have a LSPR peak around 500 nm that can be tuned 

into the near-infrared region up to a wavelength of 1000 nm, by making core-shell 

structures and gold nanocages via galvanic replacement reactions (Figure 8.4).  

 

 

Figure 8.4a, shows the LSPR optical features of the gold nanostructures at different 

stages in this research. The extinction spectrum of Au NPs (pink line) exhibits a sharp 

plasmon resonance near 530 nm, which is expected for Au NPs of this size. The Au@Ag 

Figure 8.4 a) The optical extinction spectra for the different nanostructures formed as 

Au NPs (pink line), Au@Ag core−shell structures (orange line) and Wulff-shaped Au 

nanostructures surrounded by a nanocage (dark blue line). b) Optical images showing the 

color change which occurs during the shape engineering of Au Wulff structures to Au@Ag 

core-shell structures and nanocages, as well as corresponding TEM images. Figure taken 

by Maryam Hajfathalian. 
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core-shell structure shows the appearance of a second plasmon peak near 400 nm (red 

arrow), which is indicative of the presence of Ag in these structures. The emergence of a 

second plasmon mode is in line with spectra obtained for the similar structure that is 

discussed in Chapter 7 [216]. The addition of HAuCl4 to the core-shell structure solution 

that has a yellowish color changes its nanoshell morphology through galvanic replacement 

to nanocages (the dark blue solution in Figure 8.4b). GRR reduces the 400 nm plasmon 

peak, and in Figure 8.4a the emergence of a second plasmon mode in the near-infrared 

around 750 nm (blue arrow) is apparent. Adding more HAuCl4 solution results in the 

fragmentation of the gold nanocages into Au cores and broken shells, which causes a blue-

shifts in the plasmon peak and lowers the intensity of the 750 nm plasmon mode.  

The LSPR peak of gold nanocages has an obvious shift at different stages of 

synthesis of gold nanocages, which can be explained by the generation of pinholes in these 

structures [243]. Since the spectra in the near-infrared region (e.g., 650-900 nm) can 

penetrate soft tissues relatively well, gold nanocages could be a good candidate in 

bioapplications. In this case, the gold nanocages are expected to find use as contrast agents 

in photoacoustic (PA) imaging and computed tomography (CT), which can be used for 

cancer diagnosis [245].  
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8.4. Bioapplications of Gold Nanocages 

Gold nanocages have been recognized as appealing nanostructures in 

bioapplications from photothermal treatment, drug delivery, to imaging [235]. In 

biomedical applications, especially when optical excitation or transduction is involved, the 

LSPR peaks of the Au nanostructures have to be adjusted to the near-infrared region (from 

650 to 900 nm), magnifying the penetration depth of the light in the tissue. In previous 

sections it was shown that changes to the structure and shape of Au@Ag nanostructures to 

gold nanocages could be obtained through galvanic replacement reactions and also the 

spectra could be shifted to the near-infrared region. Absorbance in this region indicates that 

the nanocages are a good candidate for use as contrast agents in optical imaging techniques 

such as photoacoustic (PA) imaging [239] because they would strongly absorb the light 

whereas the surrounding tissue would transmit the light. Using nanostructures like gold 

nanocages for biomedical applications requires evaluations for their biological safety. For 

these reasons, scientists design and study the safety issue of NPs from different aspects 

such as (i) developing NPs with various shapes, sizes and compositions, (ii) considering 

the NPs in vitro and in vivo experiments, and (iii) considering cells from different tissues 

and their interaction with NPs [246]. Here, we report preliminary results of the 

biocompatibility of gold nanocages. 

8.4.1.  Biocompatibility and Toxicity of Nanoparticles 

 NPs can have different sizes, chemical compositions, and shapes and can have a 

variety of surface coatings. Each of these parameters can affect the interactions between 

the NPs and cells or tissues. NPs can differentially accumulate in various organs and 
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pathological sites, potentially providing effective methods for disease diagnosis; however, 

any injectable brings potential health risks, which must be assessed via in vitro and in vivo 

experiments. For these reasons the biocompatibility tests that have been done on the above 

synthesized gold nanocages will be discussed in this section. 

After the synthesis of gold nanocages, they were coated with mPEG (2 kDa) as a 

ligands. The appropriate amount of ligand was added to Au nanocages solution and was 

stirred overnight at 200 rpm. After the characterization of gold nanocages, the stability of 

ligand coatings on these structures was assessed by incubating the nanostructures in PBS, 

and the color and the level of aggregation of the solution were observed. Stable samples do 

not change their color; however, unstable particles become transparent with sediment at 

the bottom. In this study, all nanocages with different amounts of porosities were stable 

and no change in color was observed.  

Intravenously injected NPs typically accumulate to a significant extent in 

macrophage cells in liver. The impact of the Au nanocages on the viability of the J774A.1 

macrophage cell line was therefore investigated via the LIVE/DEAD assay. The cells were 

treated with Au nanocages for 24h at concentrations of 0, 0.1, and 0.25 mg Au/mL to 

examine the effect of these structures on cells.  
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We found that the gold nanocages had no effect on cell viability. As shown in Figure 

8.5, the gold nanocages have only a small degree of sediment in the dish and has only 2 dead 

cells out of approximately 200 cells which is equal to 99% cell viability. It is also clear that 

most of the cells shown in the LIVE (green) image (Figure 8.5c) and bright field image 

(Figure 8.5b) overlap, again indicating that these gold nanocages are biocompatible under 

the conditions tested and completely stable. 

(a) (b) 

(c) (d) 

Figure 8.5 Cell viability images of gold nanocages with high viability and high 

stability; (a) bright field; (b) Hoechst dye (nucleus); (c) calcein AM (live); (d) ethidium 

bromide (dead). Figure taken by Maryam Hajfathalian. 
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 The cell viability results of the gold nanocages 

are summarized in Figure 8.6. The nanocage structures 

had no adverse effects on cell viability (i.e. no significant 

difference from control) at either of the concentrations 

tested. All values are normalized to those for untreated 

monocytes. 

For the future work of this research, gold 

nanocages with plasmon absorbance at around 750 nm will 

be scaled up to use in vitro and vivo studies. Briefly, the 

research will continue to investigate gold nanocages as 

contrast agents for different medical imaging modalities. 

One of the imaging techniques will be photoacoustic tomography (PAT) which is based on 

the photoacoustic effect of a material with cross-sectional or three-dimensional (3D) 

imaging [247]. In PAT, light is absorbed by biological tissue and is quickly converted into 

heat. The generated heat causes thermoelastic expansion that results in the formation of an 

ultrasonic wave. The detection of this ultrasonic wave by many detectors results in data 

which can be converted into a tomographic image [248, 249]. Secondly, the effect of these 

nanocages in computed tomography (CT) will be considered. One of the most applicable 

biomedical techniques is CT as an X-ray-based whole-body imaging method. The past 

decade has received a considerable attention in research directed toward the development 

of nanoparticles as CT contrast agents. Many advantages have been discovered for 

nanoparticles as CT contrast agents in comparison to small molecules, such as the potential 

for cell tracking, long circulation times, and targeted in novel imaging applications. Gold-

Figure 8.6 Cell viability of 

J774A.1 monocytes incubated with 

gold nanocages. Cells were 

incubated with nanocages for 24 h at 

0, 0.1, and 0.25 mg gold 

nanocages/mL. Viability was 

assessed with the LIVE−DEAD 

assay. Figure provided by Maryam 

Hajfathalian. 
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based nanoparticles, have also been considered as CT contrast agents. And particularly, 

gold nanocages due to the inclusion of a core, which will boost the contrast for CT, 

balancing the CT and optical contrast properties. Therefore, the synthesized gold 

nanocages in this research could be one of the best candidate to investigate in 

bioapplications as contrast agents for CT and PA imaging to diagnose cancers in its early 

stages [249, 250]. 

8.5. Experimental Section 

Materials. The syntheses of gold nanocages used 99.9999% silver nitrate 

(AgNO3), 99.9999% gold(III) chloride (HAuCl3), 99% trisodium citrate dehydrate 

(Na3CA), and  99% L-ascorbic acid (AA) (Sigma Aldrich, St. Louis, MI). For the 

preparation of all aqueous solutions, deionized (DI) water with a resistivity of 18.2 MΩ 

cm−1 was used. Before each experiment, all the glasswares were cleaned with aqua regia 

and rinsed with DI water three times.  

J774A.1, the macrophage cell line, was purchased from ATCC (Manassas, VA). 

The medium for culturing the J774A.1 cells was made of DMEM (ATCC), 10% FBS, 45 

IU/ml penicillin and 45 IU/ml streptomycin (Gibco). The incubator condition for the cells 

was 37 °C and 5% CO2. 

AuNPs Synthesis. The modified Turkevich method was used to synthesize 

spherical AuNP 15 nm in diameter [162]. For synthesis of 15 nm AuNP, a mixture of 60 

mL of DI water and 600 μL of 1% gold(III) chloride (HAuCl3) was heated till boiling point 

and then 1.8 mL of 1% trisodium citrate dihydrate was added to the solution. After 15 min 

the solution was allowed to cool to room temperature while stirring for 5 h. AuNPs with 

70 nm diameter were synthesized using the seeded growth method described by Perrault et 
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al. [240]. In this case, the 15 nm AuNPs were used as seeds for the growth process. 1 mL 

of 1% HAuCl3 was added to 100 mL of DI water at room temperature, followed by adding 

650 uM of 15 nm AuNPs to the solution. The growth of Au NPs was initiated by adding 

220 μL sodium citrate dihydrate (1% weight/volume) and 1 mL of 0.03 M hydroquinone 

solution quickly into the solution. The mixture was stirred for an hour. 

To form core-shell nanoparticles, first 5 ml of 70 nm Au seeds solution were heated 

at 75 °C for 5 min. Au@Ag structures with a truncated octahedron geometry were formed 

by pouring the seeds into 1 mL of 1 mM heated AA for 1 min. Then, 3 mL of aqueous 

AgNO3 (1 mM), which was heated at 95 °C for 5 min was added in a dropwise manner 

over a 2 min interval. The reaction was then allowed to continue for 10 min, after which 

the solution was placed in ice bath for 15 min. Au@Ag nanoparticles were collected via 

centrifugation at 1400 rpm for 12 min. Nanocages were formed using galvanic replacement 

reactions by heating 5 ml of diluted Au@Ag structures and 8 mL of aqueous HAuCl4 (300 

μM) at 95 °C for 5 min. The nanocage structures were obtained by adding HAuCl4 to the 

reaction in a dropwise manner over a 3 min period. 

Ligand exchange was performed with 2000 MW poly(ethylene-gycol)-thiol to 

stably cap the gold nanocages. 5 ml of 5 mg m-PEG per ml was added to 5ml of prepared 

gold nanocages solution. The gold nanocages solution were allowed to stir overnight for 

complete ligand exchange.  

Afterward, the nanoparticles were washed twice by centrifugation (at 700 rpm for 

30 min) and then sterilized with a 0.45 μm syringe filter (EMD Millipore, Billerica MA).  

In Vitro Studies. The biocompatibility of gold nanocages were studied using a 

macrophage cell line, J774A.1. The LIVE−DEAD assay (Life Technologies, Frederick, 
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MD) was used to study their viability. The cells were cultured in 20 mm glass bottom 

dishes at 7.5 × 104 cells per dish for 24 h at 37 °C, 5% CO2 with DMEM (10% FBS, 1% 

streptomycin−penicillin). 

After this time, the media was removed, and fresh media containing gold nanocages 

at 0, 0.1, 0.25 mg Au/mL was added. The cells were incubated with the gold nanocages for 

24 h before performing analyses.  

For the LIVE−DEAD assay 2 mL of DPBS, 2 μL of stock ethidium-1 homodimer, 

0.5 μL of stock Calcein AM, and 0.5 μL of 3.2 mM Hoechst 33342 was added to the cells. 

The cells were incubated for 20 min with the LIVE−DEAD solution. Afterward, a Nikon 

Eclipse Ti−U fluorescence microscope was used to take images. Filters for DAPI (ex 359 

nm, em 461 nm), FITC (ex 495 nm, em 519 nm), and Texas Red (ex 595 nm, em 613 nm) 

were used to visualize cell nuclei, living cells and dead cells, respectively. The images were 

analyzed to count the number of live or dead cells in each field. Viability experiments were 

repeated three times [241]. 

Instrumentation. UV−vis spectra were recorded using a UV-vis spectrometer 

(Thermo-Fisher Scientific, USA). The nanoparticle spectra were recorded from 

wavelengths of 300 to 1100 nm. TEM of nanocages was performed using a JEOL 1010 

microscope operating at 80 kV. Briefly, 5 uM of diluted gold nanocages were dropped onto 

carbon-coated copper grids (FCF-200-Cu, Electron Microscopy Sciences, Hatfield, PA, 

USA). Imaging was done after allowing the grids to dry at room temperature for 3 hours. 

8.6. Conclusion 

Shape engineering of nanomaterials is an important field that has resulted in 

applications in many areas, such as catalysis, sensing, imaging, and biomedicine. Gold 
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nanostructures have received particular attention in biomedical applications, due to their 

attractive properties such as bio-inertness and plasmonic properties. Reaction of gold-silver 

core shell structure to form gold nanocages allowed tuning the nanocage sizes, wall 

thicknesses and porosities. Gold nanocages are particularly attractive because of their 

strong scattering and absorption peaks in the near-infrared, where biological tissues absorb 

the light the least. PA and CT are important medical imaging technologies and 

biocompatible gold nanocages can be used as new contrast agents to allow improved 

diagnoses compared with conventional small molecule agents. 
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CHAPTER 9 

9. CONCLUSIONS AND RECOMMENDATIONS 

9.1. Summary 

In this dissertation, the shape-engineering of nanomaterials as well as their important 

applications in areas such as catalysis, sensing, and photocatalysis have been investigated. 

The summary of the results are as follows: 

 

• In this work, two major synthesis methods for nanoparticles (i.e. vapor phase synthesis 

and solution phase synthesis) were used to make triangular-, cube- and nanocage-

shaped nanoparticles. 

 

• Using the vapor phase method, AuAg and AuCu nano-triangular alloys were 

synthesized. 

• The AuCu triangular structures were assessed for catalytic and photocatalytic 

applications. In this research we, for the first time, we found a 32-fold enhancement 

to the reaction rate constant of triangular AuCu in comparison to Wulff-shaped Au 

structure when resonantly illuminated. The photocatalytic enhancement of AuCu 

nano-triangular is because of the formation of active sites, size, the chemical 

composition, and the plasmonic resonance of these structures. 

• The AuAg structures were demonstrated as indirect H2 sensing elements and it 

presents the opportunity to form photonic surfaces for catalytic, sensing and 

photovoltaic applications. 
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• Utilizing the solution phase synthesis, complicated shapes like, X@Ag (X=Au, Pd, Pt, 

Ag) nanocubes, X@void @Au (X=Au, Pd, Pt) nanoshells, nanocages, and nanoframes 

on substrate has been made for the first time. 

• A novel method to form cubic structures has been devised. In this case, a new 

capping agent for (100) facets are introduced and all reactions have been carried 

out in which Ag+ ions are reduced onto substrate-immobilized Ag, Au, Pd, and Pt 

seeds. 

• Two different structures, Wulff and cubic nanocages were synthesized. In this 

research, the galvanic replacement was used to to transform the shape of truncated 

octahedra and cubic core-shell structures of Au@Ag, Pt@Ag and Pd@Ag into 

nanoboxes, nanocages, and nanoframes. 

9.2. Future Research 

Future work could focus on the synthesis of nanomaterials with the solution-based method 

to develop the new shapes with different materials and properties including: 

• The galvanic replacement of new materials can be investigated to change the shape 

of truncated octahedra to nanoboxes, nanocages, and nanoframes with different 

composition and properties. 

• In this case, the template material could be replaced with higher reduction 

potential materials like Pt, Pd, Ru, Rh instead of HAuCl4. The Au@Ag core-

shell cubic structure can be used as a sacrificial template and replaced with 

RhCl3, NaPtCl4, RuCl3, KPdCl4 to make Au@Pd Nanoboxes, Au@Rh 

Nanoboxes, Au@Ru Nanoboxes, and Au@Pt Nanocages. 
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• Fabrication of dense arrays of triangular- and prism-shaped Ag@Au core-shell 

structures with nanoimprint lithography to get superior optical and sensing properties 

in comparison to conventional arrays. 

A comprehensive study could be also done on gold or silver substrate-based 

materials and the iodide adsorption which helps to learn how the adsorption of ions affects 

the localized surface plasmon of nanoparticles. Studying nanoparticles in a surfactant-free 

environment while eliminating the possibility of aggregation would provide a means to 

investigate the interaction between halide ions and Au exclusively.   

• The electron density of gold nanocrystals upon iodide adsorption which could 

include an assessment of iodide as a capping agent and as a prototype system for 

detecting monolayer adsorption on Au nanoparticles can be investigated. 
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