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ABSTRACT 

SOL-GEL ASSEMBLY OF METAL NANOSTRUCTURES INTO 

METALLIC GEL FRAMEWORKS AND THEIR APPLICATIONS 

Xiaonan Gao, Ph. D. 

A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor of 

Philosophy at Virginia Commonwealth University 

Virginia Commonwealth University, 2016 

Advisor: Dr. Indika U. Arachchige 

Assistant Professor, Department of Chemistry 

The advent of nanoscience and nanotechnology has sparked many research forefronts in 

the creation of materials with control over size, shape, composition, and surface properties.1,2 

However, for most of the applications, nanoscale materials need to be assembled into functional 

nanostructures that exhibit useful and controllable physical properties. Therefore, numerous 

efforts on the assembly of nanoparticles (NPs) using organic ligands, polymers and 

polyelectrolytes have been reported.3,4 However, the interactions between NPs are mediated by 

intervening ligands, which are detrimental to charge transport and limit the thermal stability. 

Hence, developing a new method to produce solid state nanostructures with direct NP linkage 

has become a significant challenge. To avoid the bridging ligands and improve the conductivity 

of NP based solid state structures, a novel strategy has been developed in which colloidal NPs 

undergo condensation to wet “jello-like” hydrogel with direct interfacial linkage. Then hydrogels 
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can be dried supercritically to produce aerogels.5 Resultant nanostructures exhibit low densities, 

large open interconnected pores, and high internal surface areas and are containing entirely of 

colloidal metal NPs.6 Since noble metal NPs have been widely used in applications such as 

catalysts, sensors, and novel electrochemical device components, we herein expanded the sol-gel 

method to noble metal NPs to produce a new class of metal aerogels.  

In the dissertation, the synthesis of hollow Ag hollow NPs, Au/Ag alloy NPs, and 

Au/Pt/Ag alloy hollow NPs with tunable sizes and physical properties, and their oxidative-

assembly into high-surface-area, mesoporous, self-supported gel framework has been achieved. 

The gelation kinetics have been controlled by tuning the oxidant/thiolate molar ratio that governs 

the rate of NP condensation, which in turn determines the morphology, optical transparency, 

surface area, and porosity of the gel frameworks. These low-density mesoporous nano-

architectures displaying optical transparency or opacity, enormously surface area, and 

interconnected meso-to-macro pore structure are promising candidates for catalytic, 

electrocatalytic, and SERS-based sensing applications. The SERS activity of Au/Ag alloy 

aerogels has been studied and significant signal enhancement was achieved. The performance of 

the Au/Pt/Ag aerogel towards methanol oxidation reaction has been studied via cyclic 

voltammetry and significant electro-catalytic activity was observed. 
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Chapter 1: Introduction 

1.1 Classes of Nanomaterials and Properties 

 In the past few decades, nanotechnology and nanoscience have gained significant interest 

that covers a wide range of fields, including chemistry,7-9 physics,10-12 electronics,13,14 

information storage,15 energy,16-18 and medicine19. This is not only because nanotechnology can 

fulfil currently challenging demands in these areas, but also offers new perspectives for 

investigating the nanoscale world.20,21 Basically, the definition of nanomaterials qualifies two 

criteria: the size at least in one-dimension is between the range of 1 – 100 nm (Figure 1.1),22 and 

displaying unique properties other than the bulk materials. Nanomaterials have become the 

foundation of nanotechnology and opens a novel field for a large number of emerging 

applications.1 Typically there are four different classes of nanomaterials: 0-dimensional materials, 

such as nanoclusters and nanoparticles (NPs); 1-dimensional materials, including nanotubes, 

nanorods and nanofibers; 2-dimensional materials, like nanofilms and nanoclays; 3-dimensional 

materials, such as polycrystal (Figure 1.2).20,23-26    

 

Figure 1.1: Size range of the nanomaterials and comparative sizes of bulk materials.  
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Figure 1.2: Schematic illustration of nanomaterials in (A) 0-D nanoclusters or nanoparticles, (B) 

1-D, nanotubes, fibers or rods, (C) 2-D, films or coats, and (D) 3-D, polycrystals. 

Among those classes of the nanomaterials, the unique 0-D nanostructure exhibit 

properties sparking many research forefronts in the creation of such objects with control over 

size, shape, and surface properties.27,28 When the size of NPs approaches the nanoscale, there is a 

significant percentage increase of the atoms on the surface which dramatically increases the 

surface to volume ratio. For comparison, such aspect ratio in the bulk material is quite 

minuscule.29-31 Therefore, NPs exhibit unique and interesting properties relative to bulk materials, 

including surface Plasmon resonance in metal NPs,32,33 size-dependent photophysical properties 

such as quantum confinement in semiconductor NPs,34,35 extraordinary catalytic properties of 

metal NPs,32,33 and etc. In case of that, rational design, synthesis and characterization, and 

utilization of nanomaterials have gained a lot of attention since last century. In this regard, 

tremendous effect has put onto the investigation of the NPs science, including carbon based 

NPs,36 metal oxide NPs,37 quantum dots,38 elemental metallic NPs,39 and organic polymers.40 

Research in this dissertation is devoted to noble metal NPs (Ag, Au, and Pt) because of their 

unique catalytic activity, plasmonic tunability, and increased surface reactivity.  
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 1.2 Nanoparticles Synthesis and Properties 

 Due to the importance of the NPs, there have been thousands of reports describing 

synthesis of different material, with morphology, size and composition control.31,36,41-43 Basically, 

it can be divided into two categories: bottom up approach and top down approach. In the bottom 

up approach, the synthesis usually starts with atoms or ions, which can attract other atoms or ions 

to form a clusters or NPs.44 On the other hand, top down approach starts with bulk materials, 

which can be mechanically reduced in size to approach into nanoscale.45  

In addition, NP synthesis can be approached not only by chemical methods, but also 

physical methods. In the physical methods, there are microwave synthesis,46,47 ultra-sonication, 

irradiation, laser ablation,45 ball milling, and electrochemical synthesis.48 However, chemical 

methods involve chemical vapor deposition,49,50 sol-gel method,51-53 inert condensation method54 

and colloidal synthesis.55-57 Among these methods, laser ablation, chemical vapor synthesis and 

colloidal synthesis, are the three common approaches for NP synthesis. 

1.2.1 Laser Ablation 

 Laser ablation in solid-liquid interface is a quite famous method for fabricating self-

organized nanostructures on the solid surface. A high energy pulsed laser first irradiate onto a 

solid target in the liquid medium, and due to the instability of evaporation of the liquid which 

surrounds the irradiate target, NPs can be produced and attached to the surface (Figure 1.3).45 By 

applying different lasers, various ablation nanomaterials (metal, oxides, carbides, hydroxides) 

with size and morphology (NPs, nanotubes, and nanorods) control can be obtained.28,58-60 The 

ablation products further react with the solution in order to produce the final nanostructure. The 

laser ablation method can result NPs with significant dispersibility, high purity and stability. 
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However, it still requires specific instrument and environment, which is expensive and not 

commonly used. 

    

Figure 1.3: Schematic view of laser ablation for synthesizing NPs. 

1.2.2 Chemical Vapor Deposition (CVD)  

 CVD is commonly used for producing thin film in the past decades. Typically, the 

reactants are firstly heated at high temperature in order to evaporate to a gas phase, then it can 

react with other materials to deposit onto the substrate surface resulting multilayers.49 However, 

in this approach, CVD has been expanded into producing numerous types of materials with 

different structures, properties, and phases of precursors. Therefore, a mixture of gas reactants 

can be loaded into a reaction chamber, and after chemical reaction among the gas phase 

molecular stimulated by heat, plasma or laser, the products can be obtained out of the chamber.50  

 CVD can also applied to produce NPs. Similar to other CVD synthesis, the precursor 

materials were first burned by plasma to yield a vapor phase, and then injected into a hot 

chamber. With addition of other vapor phase reactants, the chamber is over saturated with all 

reactant, which is called as “chemical supersaturation”. The precursors which is in the 

nanoparticulate form started to homogeneously nucleate into small size NPs seeds. Once the 
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seeds formed, the remaining reactants tend to condense onto the surface of the seeds, resulting a 

NP growth, but rather than further nucleation (Figure 1.4). Therefore, besides the residence time 

inside of the chamber, gas flow rate and pressure inside of the chamber are also two key 

parameters to tune the size and morphology of the NPs. More importantly, CVD also process 

NPs with multiple precursors at the same time, which make it an outstanding method for 

producing alloy NPs or doped NPs. 

 

Figure 1.4: Chemical vapor deposition of NPs synthesis 

 However, during the synthesis of the NPs, the agglomeration always leads NPs aggregate 

into big chunks. Even there has been tremendous effect on redispersing or loosening the 

agglomeration, there are still chunks left in the product. In addition, the size dispersity is not easy 

to control in this method, and also it is not cost effective. Therefore, finding simple, easy and less 

cost method for synthesis of NPs is needed. 

1.2.3 Colloidal Synthesis 

There are numerous methods of solution phase synthesis of NPs, including reverse 

micelles synthesis, hydrothermal synthesis, sonochemical synthesis, polyol synthesis and 
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colloidal synthesis.31,61-63 Compared to other synthetic methods, solution based colloidal 

synthesis has significantly control over shape, size and morphologies.64,65 The colloidal synthesis 

normally has three consecutive steps: NPs’ seed nucleation in the homogeneous solution, seed 

growth, and isolation of particles that reach the desired size. In addition, the colloidal synthesis 

usually require simple experimental equipment and chemicals at room temperature to obtain high 

quality nanomaterials. Accordingly, colloidal NPs can be synthesized through reacting 

appropriate salt precursors. The nucleation and growth of NPs process in the solution with 

presence or organic coordination ligands that dynamically adhere onto the NPs surface. The 

coordinating ligands that perform as a stabilizer, usually include but not limited to long-chain 

carboxylic acids, alkanethiols, alkylamines, and alkylphosphine oxides.66-68 The ligand 

molecules can tube the kinetics of the reaction process and also growth rate. Therefore, finding a 

proper solvent, ligand, precursor salt and reaction conditions for the colloidal synthesis becomes 

quite important. Figure 1.5 shows a typical colloidal synthesis of Au NPs. In this reaction, 

HAuCl4 was chosen as the precursor salt and dissolve in the water solution. Citric acid was used 

as the surface capping ligand. With a dropwise addition of NaBH4 aqueous solution, the solution 

turned from yellow color to either purple or pink indicating the formation of Au NPs.69  

 

Figure 1.5: Colloidal synthesis of Ag nanoparticles.  
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 However, the colloidal synthesis doesn’t always produce the monodisperse NPs, since the 

growth of NPs depends on several different factors such as reaction time, concentration, choice 

of ligands, precursor to reducing agent ratio, and temperature. In addition, the shape and 

morphology of the NPs can be hardly controlled and often not very reproducible. More 

importantly, the surface atoms are stabilized because of the coordinating ligands, which are the 

drawback for direct NPs linkage and fast electron conductions after assemble them into solid 

state materials. However, from a device performance prospective, many applications require 

assembly of discrete NPs into functional solid state structures that exhibit controllable 

morphologies and physical properties. Therefore, assembling the NPs into functional 

architectures with useful and controllable physical properties is a great challenge.  

1.3 Nanoparticles Assembly Methods 

Numerous efforts on the assembly of nanomaterials have been reported to date, such as 

covalent coupling of NP surface groups,70,71 controlled evaporation of the solvent to produce 

ordered supercrystals3,72 or non-ordered glassy films,73 and polymer or bimolecular mediated 

self-assembly.25,74,75. Among them, layer by layer assembly and superlattices formation have 

gained notably interest in recent years,72,76-79 and they are discussed below.  

1.3.1 Layer by Layer Assembly 

Layer by layer self-assembly method was first introduced to multilayer architectures on a 

non-planar surface in the later 1990s. It follows a bottom-up strategy for assembling a large 

number of single layers or hierarchical nanostructures. Uniformed thin films that consist 

functional groups on the surface are served as substrate. Monolayer of NPs formed on the surface 

based on the electrostatic interaction between the surface and NPs. Followed with the first 
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monolayer formation, polyelectrolyte deposited onto the layer and then attracted other NPs to 

build the next layers. This process can be reproduced for hundreds times to produce a thick 

multilayers of NPs (Figure 1.6).80 By using different kinds of NPs, capping ligands, or 

polyelectrolytes, layer by layer assembly can offer different superstructures with promising 

collective and improved functional properties for multiple applications including advanced 

absorbents or catalyst.  

 

Figure 1.6: Layer-by-layer assembly of gold nanoparticles and polymide fabricated on amine-

terminated substrate. 

1.3.2 Superlattices Formation 

Recently, a proof-of-concept in which monodisperse NPs of inorganic solids are self-

organized into ordered superlattices or glassy films through controlled evaporation of the solvent 

has received considerable interest. The superlattices structure accentuates the alternating setting 

of layers while keeping the barrier width thin enough so wave function can’t decay to zero in the 

adjacent wells. It has also been developed to hybridization of metal NPs and semiconductor NPs 

in order for more applications. Such hybrid nanocrystal superlattices can combine the each NPs’ 

properties and exhibit new properties from the interactions between the two.  To date, there has 
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been a decent amount of reports discussing about the hybrid NPs glassy solids that show 

properties of each precursor NPs.3,72,73,78,79 Such as semiconducting lead selenide with Au NPs 

(Figure 1.7),81 Typically, a carbon or silicon oxide coated TEM grid is used as a substrate and 

placed into a Au and PbSe NPs colloidal solution. By keeping at 60o-70o at a low pressure 

chamber for a certain amount of time, the binary superlattices formed. It provides a new 

approach for engineer magnetic, electronic and optical properties of NP assembly. 

 

Figure 1.7: Schematic view of superlattices incorporated with semiconducting lead selenide and 

metallic gold nanoparticles 

However, from a device performance perspective, the interactions between nano-sized 

units are essentially mediated by organic transformations, presence of which is detrimental to 

charge transport properties and limit the thermal stability of the assembly. Hence, investigation 

of new methods for the direct self-assembly of NPs into solid state structures is an important 

challenge for many applications. In this regard, sol-gel method caused our interests, since the 
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colloidal NPs can be directly self-assembled into high surface area self-supported superstructures 

without any intervening ligands. 

1.4 Sol-Gel Method 

 Sol-gel method has been known for many years and it has been extensively studied for 

gelation in metal oxides.5,6,82 A sol is a fluid colloidal system formed by the dispersion of 

colloidal nanoparticles (1-100 nm) in a liquid. Gel is a non-fluid heterogeneous system of liquid 

molecules dispersed in a solid medium with a semi-rigid jelly-like interconnected 3D network 

and pores in the sub-micrometer range. It was first established that metal oxide gels (e.g. SiO2) 

that can be prepared through the hydrolysis and condensation of a liquid silicon alkoxide sol 

(Equation 1.1 and 1.2).5 Generally, the hydrolysis and condensation are slow processes occurring 

simultaneously and kinetics of the reactions is pH dependent. Under acid-catalyzed conditions, 

the silica monomers will polymerize mostly in linear-like structures/gels with a small degrees of 

cross-linkage due to the enhancement in the rate of the hydrolysis reaction over that of the 

condensation reaction. In the base-catalyzed reactions, highly cross-linked branched gels are 

produced when the rate of the condensation is higher than that of the hydrolysis. The resultant 

wet-gels can be dried via two different techniques: bench top dried method can evaporate the 

solvent to form condensed xerogels, but supercritical drying can retain the porous polymeric 

structure to produce an aerogel.  

Hydrolysis of metal alkoxides:  

M OR 	H O	 → M OR OH ROH				Equation	1.1 

Condensation of hydroxylated species:  

M OH M OX	 → M O M XOH			Equation	1.2 
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1.5 Aerogels 

     Aerogel are a unique class of porous inorganic polymers that exhibit high surface area, solid 

contents ranging from 1-15% by volume, and densities as little as three times that of air. As such, 

they are ideal substrates for catalyst and sensors, and are excellent thermal insulating materials.5, 

82-84 One of the unique features of the aerogel that makes it useful for a variety of applications is 

the continuous micro-(<2 nm) to meso-(2-50 nm) pore structure, which provides a facile conduit 

for molecules to reach the nanostructure surface. To date, a great deal of research has been 

conducted on aerogels based on metal oxides, amongst the traditional SiO2, Al2O3, and TiO2 are 

the widely studied systems.5 Recently, the extension of sol-gel strategy to produce metal 

chalcogenide,85-89 pnictide,90 and metal aerogels91,92 was realized through oxidation-induced self-

assembly of pre-formed NPs. The gel frameworks composed entirely of NP colloids represent an 

emerging class of low-density, high-surface-area, conducting superstructures in which the 

nanosized solids are assembled into pearl-necklace architectural model of the base catalyzed 

silica aerogels, without the use of intervening ligands and substrate supports that can limit the 

charge transport and thermal stability (Figure 1.8). However, the creation of such superstructures 

has been largely limited to solid NP building blocks, leaving behind opportunities to design 

novel nanostructures with unique and potentially tunable morphologies and physical 

characteristics. Therefore, we aimed to investigate the sol-gel assembly of noble metal NPs into 

porous aerogel superstructures. 

 On the other hand, if the hydrogel gets dried on the benchtop under ambient condition, 

there is an unhindered shrinkage due to the capillary forces of the solvent molecular evaporating 

from the network pores. The xerogels show a similar microstructure with both micropores and 
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mesopores but with a much denser network of the NPs, since majority of the mesopores and 

macropores collapsed during the drying process because of the surface tension of the solvent. 

 

Figure 1.8: An illustration depicting the porous architecture of a based catalyzed silica aerogel. 

1.6 Classes of Aerogels 

 As discussed in Chapter 1.5, although the aerogel started with metal oxides, there are still 

a lot of extensions such as metal aerogels and semiconductor aerogels. All the three classes of 

aerogel are discussed as follows.  

1.6.1 Metal Oxide Aerogels 

 Silica aerogel is the most famous metal oxide aerogel and have been well established 

already. There have been tremendous amount of reports about the choice of precursor, the 

control of the synthesis, and tenability of both physical and chemical properties.83 The unique 

properties such as optical and thermal conductivity and high surface area lead the silica aerogels 

to be used in many applications. The applications of silica aerogel includes catalytic supports, 

thermal insulation, detectors and etc.11,23,93,94 In addition, Alumina aerogels also caused a lot of 

interest. By tuning precursor alkoxide, the ratio of alkoxide to water, hydrolysis rate, drying 
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temperature, and pH of the solution, the final aerogel product varies from monolithic to powder, 

heterogeneous to homogenous, and amorphous to crystalline.95 Moreover, anatase aerogel has 

gained attentions with high crystallinity, transparent monoliths, and mesoporous structures at low 

temperature.96 Besides the main group elements, considerable work has been done on the 

lanthanide and actinide oxide aerogels too.  

1.6.2 Metal Aerogels via Carbothermal Reduction 

 Metal aerogels attracted a lot of research interest in the past decades because of their 

unique optical, magnetic, catalytic, biological and sensing properties. Started in 2005, Dr. 

Tappan et al. first developed combustion synthesis method to produce a class of nanoporous iron 

foams that is similar to aerogel superstructure.97 Then this method was applied with Cu and Au 

to yield nanofoams too. Another method to produce aerogel like structure is to dealloy metal-

template alloy network. Until 2009, Dr. Leventis’ group reported the nanosmelting method for 

producing iron aerogels.98 A combination of iron oxide gel and resorcinol-formaldehyde polymer 

gel were mixed and molded to form a hybrid gel. Then the gel was dried supercritically 

producing a hybrid aerogel, followed with pyrolysis under Argon at 1000 oC. Interestingly, the 

resorcinol-formaldehyde dehydrates to carbon and further reduce the iron oxide to Fe, with the 

formation of CO2. However, such method doesn’t apply to all metals, especially for noble metals 

which can be hardly reduced. Also, the shape control is difficult due to the high temperature 

pyrolysis. Therefore, developing methods for metal aerogel synthesis with noble metals is 

needed to meet the potential applications of catalysis and chemical sensing. 

 

 



14 
 

1.6.3 Semiconductor Aerogels 

 Afterwards, there has been a dramatic change for the sol-gel technology which discussed 

in the previous section. Instead of a continuous process from the precursor molecule to the gel, 

the gelation of NPs forms random porous building blocks instead of precipitation. Instead of 

metal oxide, semiconductor aerogels are a novel class of aerogels that made of metal 

chalcogenide NPs. It was first reported by Dr. Gacoin group in 2001,87 and then Dr. Brock’s 

group carried on and expand the “sol-gel” into a new condensation strategy.53,88,99 Similar to 

hydrolysis and condensation, the semiconductor NPs such as CdSe, CdS, or CdTe that capped 

with thiolates, were first undergo an oxidative reaction to withdraw the surface thiol ligand and 

then created active sites on the highly reactive surface in order to connect with another NP. Such 

connection overcomes with the polyelectrolyte and intervening ligand problem, building direct 

interfacial linkages and highly porous hydrogel structure. By solvent exchanging and 

supercritical drying, semiconductor aerogels with interconnected meso- to macro-pores, optical 

translucency and photoluminescence properties are produced (Figure 1.9).89 Comparing different 

drying techniques, the CdS xerogel exhibit quite dense structure compared the CdS aerogel. The 

surface area of the CdS aerogel hits 250 m2/g, which makes it a promising material for catalysis 

and sensing.100     
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Figure 1.9 Schematic view of sol-gel condensation process of semiconductor nanoparticles into 

aerogel and xerogel. 

1.7 Noble Metals Hollow Nanoparticles and Their Properties 

       Metal NPs mainly described the transitional metals such as Fe, Zn, and Co also noble metal 

elements including Ag, Au, Pt, and Pd. There have been numerous applications of metal NPs in 

many fields: catalysis, optics, biosensors, SERS, charge transport, solar cell, fuel cells and etc. 

Take Au NPs for example, it has been widely used in the drug delivery and CO oxidation 

catalysis. Nanomaterial with hollow interiors have received significant interest from the 

materials research community due to their unique physical properties that can be tuned by 

engineering the size, shape, composition, and shell thickness.101 In particular, hollow NSs of Au 

and Ag metals are known to exhibit plasmonic and catalytic properties very different from (or in 

some cases superior to) corresponding solid counterparts. For instance, Zhang and coworkers 

have demonstrated that the surface Plasmon resonance (SPR) of Au NSs can be smoothly tuned 

over a wide spectral region (550-820 nm) by controlling the diameter and shell thickness.102,103 

Such tunability of plasmonic has also been reported for silica-core/Ag-shell nanostructures. In 

addition, hollow NSs of traditionally expensive noble metals are cost-effective, low-density 
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materials with all active surfaces without dead interiors.104 Moreover, it is well known that the 

NP morphology plays a crucial role in catalysis and the hollow NSs of noble metals supported on 

porous substrates have been reported to exhibit superior catalytic activity than solid 

counterparts.105-109 However, the assembly of such materials into high-surface-area, self-

supported gel frameworks composed entirely of NSs has not been reported. Recently, 

Eychmüller et al. demonstrated the cyclodextrin-mediated assembly of Pt NPs into 

aerogels.91,92,110,111 Very recently, our group reported the synthesis of Au/Ag and Pt/Ag, alloy 

aerogels via salt-mediated cross-linking of negatively charged hollow particles.112 Despite recent 

successes in the formation of monometallic (Au, Ad, and Pt) and heterogeneous (Ag-Pt and Ag-

Au) bimetallic solid NP-based aerogels, the creation of such superstructures based entirely on 

catalytically important metal hollows has not been reported.  

1.8 Galvanic Replacement Reactions 

 In the last decade, the galvanic replacement reactions (GRR) have been extensively 

studied on metallic nanostructures. Significant interests have been putting on direct synthesis of 

NPs, nanotubes, nanoshells and etc. via GRR. The GRR is an irreversible reaction between 

colloidal soluble solid materials and metal ions in the solution. Due to the difference in the 

standard reduction potentials of the two metals, the reaction can lead to the deposition of the 

metal ion with higher standard reduction potential onto the material surface, and oxidize the 

metal with lower potential into ion to dissolve into the solution.113,114 For example, GRR offers a 

simple but versatile route for producing Au/Ag alloy hollow NPs (Figure 1.10). Ag/Ag+ has a 

standard reduction potential at +0.79 V and Au/Au3+ is +1.50 V, so when HAuCl4 solution was 

added into the Ag hollow NP solution, the GRR between these two metals occurs immediately. 

Ag would be oxidize into Ag+ and bind with Cl- to form AgCl that is highly insoluble in the 
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solution, but Au3+ can be reduced to Au and deposit onto the surface of NPs. (Equation 1.3) 

Since Au and Ag both have face-centered cubic structure with similar lattice constants (4.0786 Å 

for Au and 4.0862 Å for Ag), it can form an alloy NP surface.115 

3Ag s AuCl aq → Au s 3AgCl s Cl aq 			Equation	1.3 

 

Figure 1.10 Schematic view of GRR between Ag hollow NPs and HAuCl4 to form alloy NPs. 

1.9 Surface Plasmon Resonance 

There has been over a 100 years history for the SPR. In the past few decades, SPR has 

attracted lots of interest not only because it is powerful and sensitive spectroscopic technique, 

but also convenient and cost effective. When an incident light or beam goes through the solution, 

it can stimulate resonant oscillation of the conduction electron at the interface between a negative 

and positive permittivity material. If the frequency of the incident beam is similar to the natural 

frequency of the surface electrons oscillating against the restoring force of positive nuclei, the 

surface Plasmon resonance can be observed. Specifically, when it comes to the metal 

nanoparticles, such as Ag or Au NPs that size is comparable or even smaller than the wavelength 

of the incident beam (usually between 200 – 800 nm), the electric fields near the surface of the 

NPs can be significantly enhanced. However, because of the size of the NPs is smaller than 100 
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nm, the shorter field decay length can reduce the sensitivity for interference of the solution 

refractive index fluctuations while giving enhanced sensitivity to refractive index changes on the 

surface. In this case, the free conduction electrons in the metal NPs are driven into oscillation 

due to strong coupling with incident beam (Figure 1.11).116,117 The NPs optical absorption has a 

maximum at the Plasmon resonant frequency, which is called as the SPR of the metal NPs.  

 

Figure 1.11: Schematic of localized surface Plasmon resonance of metal NPs. 

 Metal NPs SPR has been proved that it is sensitive to dimensionalities, morphology, and 

also size.117 For instance, in metal NPs, high surface to volume ratio results in more surface 

energy for NPs so that SPR can be tuned as a function of sizes, such as the color change in 

hollow Au hollow NPs going from blue to red and SPR shifted from 520nm to 840 nm.118 In 

addition, with the increase of the diameter, the full with half maxima of the spectra also become 

larger, which produce broader spectra. That is caused by the either the dominance of non-

radiative decay from the absorption, or homogeneous/inhomogeneous distribution of the 

materials. The strong localized SPR in nanostructures exhibit novel phenomena like optical force 

enhancement, surface-enhanced sensing, transport and storage of energy, and NPs’ growth 

control. Therefore, SPR provides a novel way for developing more complicated NPs with 

predictable optical response. 
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1.10 Surface Enhancement Raman Scattering 

 Surface enhanced Raman scattering (SERS) has been developed as an analytical tool to 

probe the molecular vibrations in the close proximity of metallic nanostructures. It provides 

significantly enhanced Raman signal from Raman-active analyte molecules such as Rhodamine 

6G that can absorbed onto metal substrate. When an incoming light hit the substrate, the photons 

can be scattering either elastically or inelastically. The elastically scattered light keeps the same 

wavelength as the incident light, which also means energy keeps the same. However, the energy 

of the inelastically scattered light changed compared to the incident light (Figure 1.12).119,120  

 

Figure 1.12: Schematic view of an incoming light got inelastically scattered when hitting on a 

substrate.  

The inelastically scattering is defined as Raman scattering. The energy difference between 

the two lights is due to the nuclear motions of the molecules. As shown in Figure 1.13, bottom 

two lines are representing ground vibration state (L) and excited vibration state (M), where top 

two lines are meaning the virtual state which is an intermediate state. When the molecule absorbs 

energy in the ground state, the energy difference is defined as Stokes shift. The reverse shift 

happens when the molecule comes back from the excited state to the ground state, called as anti-

Stokes shift. Such energy difference is the Raman shift. 
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Figure 1.13: Vibrational transition of a solid. 

Since the Raman shift is weak and hardly detectable, there has been a lot of effort done to 

enhance the signal. So far, there are two types of mechanism for the enhancement in SERS: 

chemical enhancement and electromagnetic enhancement. For chemical enhancement, the 

chemisorption of the analyte can be changed, such as tuning the catalytic properties or just 

simply elemental composition of the substrate. Such adsorbate-surface interaction can either 

amplify or deflate the signal enhancement. More importantly, the electromagnetic enhancement, 

which is the dominant effect, depends on the metal surface’s roughness features.121-123 The 

comparison of the signal intensity between enhanced single to the analyte by itself is usually 

called as enhancement factor (EF). Regularly the EF can be around the order of 104 – 106, 

sometimes even as high as 108 – 1014 for outstanding substrate.  

The surface enhanced Raman scattering requires interaction between the target material and 

substrate. Common SERS substrates include Au, Ag and Cu, because of their LSPR covering 

Raman range (the visible light to near IR). To date, a large number of reports about improving 

the SERS effect and optimizing the substrate has been done. Prominent SERS effects are 

reported to occur at the plasmonic NP aggregates where intense electromagnetic fields are 

generated at the interparticle cervices (i.e. hot-spots).124,125 Therefore, SERS has significantly 
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increase the surface selectivity and sensitivity of Raman spectroscopy, providing an outstanding 

interfacial system for in-situ and ambient analysis of catalytic, biological, and electrochemical 

applications.  

1.11 Methanol Oxidation Catalysis for Direct Methanol Fuel Cells (DMFC) 

     Over the past few years there has been tremendous interest in using supported and 

unsupported metal NPs as catalysts for applications in fuel cells,6,108,126-131 exhaust systems as 

well as   variety of oxidation,127,129,132 reduction,105,133 and hydrogenation36,134 reactions. Among 

them, the DMFC (Figure 1.14) has attracted much attention as a portable energy source and Pt 

based NP systems (Pt,  Au/Pt,126,127 Co/Pt,108,128 and Ru/Pt129,130) have been extensively studied 

as catalysts for energy generation. Inside of the DMFC, on the anode side a flow of methanol 

with water can interact with the catalyst layer on the electrolyte, which can be oxidized into CO2 

and H+ and receive electrons simultaneously (Equation 1.4). On the other hand, at cathode side a 

flow of O2 can be reduced at the catalyst layer on the electrolyte, as well as donating electrons 

out to the anode side (Equation 1.5). During this process, electrons are transported through an 

external circuit to provide electricity power. Moreover, during the catalytic process of methanol 

on the Pt based catalyst, CO can also formed due to incomplete oxidation of methanol. CO can 

bind with Pt strongly to perform as a catalyst poison. In order to avoid this problem, Au is often 

alloyed into the catalyst which can further oxidize CO into CO2. Therefore, developing Au/Pt/Ag 

hollow NPs can make a better promising material for DMFC applications.  
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Figure 1.14: A Schematic graph of the direct methanol fuel cell with Pt film as catalyst. 

 

Anode: CH OH 	H O	 → CO 6H 6e 							Equation	1.4 

Cathode:	
3
2
	O 	6H 6e 	→ 	3H O																					Equation	1.5						 

Overall:	CH OH 	
3
2
	O 	→ 	CO 2H O															Equation	1.6		 

In general, DMFC studies are based on supporting the catalytically active material on a 

mesoporous substrate (typically carbon23,135) and testing the performance of the composite as a 

catalyst. One important aspect in constructing a high performance fuel cell catalyst is to have a 

good dispersion of NPs throughout the catalyst support. Many reports indicate that supported 

catalysts limit their efficiency due to agglomeration of NPs inside or on the surface of the 

support leading to pore blockage, interruption of mass transport routes as well as uneven loading 
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and poor utilization of the catalytically active material.6,127-129 In contrast, the assembly of metal 

hollow particles into 3-D connected gel frameworks will eliminate the necessity of substrate 

supports, providing self-supported nanostructures with approximately uniform dispersion of 

hollow NPs. Furthermore, inherently random yet continuous meso-to-macropore network that 

wraps around catalytic particles offers transport routes even around pore blockages and large 

aggregates. Moreover, the combination of hollow NPs and the pearl necklace architecture of the 

aerogel provides low cost materials that are atom efficient than conventional NPs and supported 

catalysts. Hence, these unique nanostructures displaying maximum active surface area per mass 

unit would be truly new materials with unmatched potential in heterogeneous catalysis. 

Accordingly, we intend to investigate the use of Au/Pt/Ag aerogels in DMFC studies. 

1.12 Thesis Statement 

Nanotechnology and nanoscience become more and more significant in various research 

fields. Among different morphologies of the nanomaterials, NPs has gained special interest due 

to the unique physical and chemical properties. Between the two categories for synthesizing NPs, 

top down approach and bottom up approach, the bottom up methods such as colloidal or wet-

chemical synthesis use insulating organic ligands to control the NP size and shape. However, 

many applications require solid state structures that exhibit controllable architectures and 

physical properties. Therefore, these coordinating ligands are detrimental for charge carrier 

conduction as well as thermal stability of the products. Therefore, development of a new 

assembly strategy that offer direct linkage of NP that eliminating the intervening ligand interface 

is essential. Sol-gel method offers a promising approach for directly self-assembly of NPs into 

self-supported porous superstructures that with no use of intervening ligands. It has been shown 

in the synthesis of semiconductor aerogel, the oxidizing agents help to remove the surface ligand 
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and create highly reactive active sites to connect the NPs directly leads to sol-gel transformation. 

In addition, considering the unique properties and multiple applications of the noble metal NPs, 

assembling them into low density, highly porous nanostructure is of great interest. However, it is 

still a great challenge to apply a similar sol-gel approach for producing noble metal aerogels 

starting with colloidal NPs.  

In order to address these questions, our first goal is to develop a novel strategy for the 

oxidation induced self-assembly of Ag nanostructures into high surface area, uniquely porous, 

highly conducting aerogels. Among noble metals, Ag is not only exhibiting tunable plasmonic 

and catalytic properties, but also the most cost effective. Therefore, we have used Ag hollow NPs 

as the starting material for metallic gel synthesis. Herein, we investigated the oxidation induced 

self-assembly of glutathione coated Ag hollow NPs into Ag aerogels that exhibits high surface 

areas and interconnected meso-to-macropore networks that can be tuned by varying the inner 

cavity of the hollow NPs. The resultant aerogels, which exhibiting accessibility of chemical 

species to both inner and outer surface of the hollow NPs, provide new perspectives for porosity 

control of the aerogels. Moreover, by tuning the amount of oxidizing agent used in the sol-gel 

process, the control over the optical transparency can be attained, producing both opaque and 

transparent NP superstructures. 

Our second goal is to develop a new general methodology for the synthesis of Au/Ag 

alloy nanostructures through GRR of pre-formed Ag hollow NPs and investigate their sol-gel 

assembly into porous gel frameworks for SERS applications. Since both Au and Ag are 

outstanding SERS substrates, alloying Au and Ag together can potential give better enhancement 

of the Raman signals owing to synergistic effects. In addition, it has been reported that the fractal 

NP aggregates and highly porous Au and Ag substrates that show rapid diffusion of the analytes 
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are likely to exhibit greater SERS effects. Therefore, developing Au/Ag alloy aerogels with 

directly NP cross-linkage, porous structure, rough metallic surfaces, can combine the above 

advantages and produce promising SERS substrates. Herein, the conversion of Ag hollow NPs 

into Au/Ag NPs with three distinct morphologies has been investigated through the galvanic 

replacement reactions. Then, Au/Ag NPs were transformed into Au/Ag alloy aerogels. The 

resultant metallic aerogels composed entirely of nanosized Au/Ag metal NPs are expected to 

exhibit high surface areas, low densities and pore size tunability. The SERS activity of Au/Ag 

alloy aerogels has been studied using Rhodamine 101 (Rd 101) as the probe molecule and signal 

enhancement is compared with precursor NPs. 

Our third goal is to investigate the sol-gel assembly of Ag-Pt-Au ternary NPs into 

metallic gel frameworks and study their catalytic activity in methanol oxidation. Pt-based 

material has been widely used in the methanol oxidation catalysis, where in-situ generated CO is 

produced as a byproduct. Since CO performs like a catalyst poison which strongly bind with the 

Pt, avoiding the CO is still a great challenge. Since Au NPs can catalyze the oxidation of CO into 

CO2, alloying Au and Pt together will help to overcome the CO poisoning problem. Therefore, 

we have demonstrate the synthesis of Ag-Pt-Au alloy ternary NPs by using Ag hollow NPs as 

templates. The alloy NPs were self-assembled into highly porous ternary aerogels via oxidative 

removal of the surface ligands. Additionally, the Au/Pt/Ag ternary aerogels that exhibit direct 

metal NP linkage, and rough metallic surface, and rapid diffusion of methanol, were also tested 

as catalyst for  the methanol oxidation.  

This dissertation consists of chapter 1 as the introduction and chapter 2 describing the 

characterization methods, chapter 3 discussing the oxidation-induced self-assembly of Ag hollow 

NPs into transparent and opaque Ag hydrogel and aerogel nanostructures. Chapter 4 discusses 
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the direct cross-linking of Au/Ag alloy nanoparticles into monolithic aerogels for application in 

SERS. Chapter 5 describes the sol-gel assembly of Ag-Pt-Au ternary NPs into metallic aerogels 

for the application on methanol oxidation catalysis. Chapter 6 summarises the major conclusion 

of the dissertation and suggest potential future direction for metal aerogel. 
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Chapter 2: Experimental and Characterization Methods 

 Numerous characterization methods and techniques are required to investigate the 

structural, chemical, optical and physical properties of the materials. Moreover, wet gels must be 

dried for physical property investigation and device applications. Supercritical drying offers a 

promising approach to dry the wet gels into highly porous aerogels while preserving the 

mesoporous nanostructure. Dried gel materials and precursor NPs are characterized through 

powder X-ray diffraction to determine the phase purity of materials; UV-Vis spectroscopy to 

investigate the optical properties of NPs; transmission electron microscopy to elucidate the size, 

shape and morphology of NPs and aerogels; scanning and transmission scanning electron 

microscopy/energy dispersive spectroscopy and inductively coupled plasma mass spectrometry 

for studying the elemental composition and distribution; X-ray photoelectron spectroscopy to 

investigate the chemical state of the surface atoms; surface area and porosimetry to investigate 

the porosities. In addition, surface enhanced Raman scattering and cyclic voltammetry were used 

to test the chemical sensing and electrocatalytic properties of the NPs and aerogels.  This chapter 

describes the above experimental techniques used to synthesize the metal hollow NPs and 

aerogel, and characterization techniques for elucidation of physical properties of NPs and 

aerogels. 

2.1 Supercritical Drying 

 For a number of applications, the porous gel framework that exhibit high surface area is 

desired. Therefore, supercritical drying has been utilized for removing the solvent while 

preserving gel structure. When the solvent such as acetone or water exist in the hydrogel during 

the sol-gel transformation process, it forms a heterogeneous environment of which the surface 
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tension in the liquid phase pulls against any solid structure it contact with. If the solvents is 

allowed to evaporate via benchtop drying, the mesopores in the hydrogel break apart due to 

surface tension. In this case, supercritical drying can overcome this problem. Supercritical fluid, 

with both temperature and pressure above its critical point (Figure 2.1),  exhibit no surface 

tension, since there is no liquid/gas phase boundary. By modifying the pressure and temperature 

of the supercritical fluid, the properties can be tuned to be more liquid- or more gas-like. 

Therefore, the supercritical fluid can “evaporate” from the porous wet-gel structure without 

breaking the superstructure to maintain the porosity. However, due to the high temperature and 

pressure needed for this method, choosing the right solvent that has lower critical point becomes 

quite significant. Accordingly, CO2 and methanol are the most commonly used solvent for 

supercritical drying. For CO2 specifically, when the temperature is above 39oC and pressure is 

above 1300 psi, liquid CO2 transfers into supercritical phase. By slowly venting CO2 

supercritical fluid, the wet-gel can preserve the porous framework to yield an aerogel 

superstructure.  

 

Figure 2.1: Phase diagrams show temperature and pressure effect on material state of CO2. 
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 In this dissertation, all the hydrogels were first washed with milli-Q filtered water and 

then with acetone to remove the byproducts of oxidation. Specifically, the layer of water on the 

top of the hydrogel was removed, and water/acetone was carefully added along the wall of the 

glass vial without breaking the hydrogel. This process was repeated every 2 hours until the pale 

yellow color of the supernatant disappears, which is about 6-8 times washing. The acetone 

exchanged wet-gels were transferred into a microporous capsule by a pipet and then sealed 

capsules were loaded into the supercritical dryer chamber and filled with liquid CO2 at 15C. The 

wet-gels were exchanged with liquid CO2 4-5 times over 12-16 hours to remove acetone from 

the gel material. Finally, the temperature was raised to 40C and 1200 psi to achieve a 

supercritical fluid and kept there for 20 minutes.  

2.2 Powder X-ray Diffraction (XRD) 

 XRD is used to gain a better understanding for the structure and phases of crystalline 

materials. Every crystalline material has a unique diffraction pattern which is characteristic to its 

crystal phase, which serve like “fingerprint” structural feature. Due to a similar length of the 

crystal interatomic distances and X-ray radiation wavelength, electrons inside of the atoms can 

create scattering effects along with the X-ray oscillating electric field, which gives specific 

diffractions. For the majority of the materials with unique diffraction patterns they can be 

characterized and identified through the Powder Diffraction Files (PDF).  

In a typical PXRD, the X-ray tube generates X-rays by applying an accelerating voltage 

and let the electron beam interact with a metal target (Cu). The voltage used is usually between 

30K – 50 kV in order to heat the tungsten filament for an ejection of high energy electrons. As 

the electron beams interact with the target (Cu), the 1s orbital electrons of Cu is removed due to 
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ionization, leaving a vacant spot to be replace by electrons from 2p or 3p orbitals. Since the 

electrons at outer orbitals have high energy than from inner orbitals, such electron transition can 

emit energy in the X-ray form. There are mainly two types of X-ray used in PXRD, Kα (2p-1s) 

for general use, and Kβ for lower energy X-rays (Figure 2.2)  

 

Figure 2.2: Schematic view of an atom exited by an external simulation to yield energy radiation. 

When the X-ray strikes the sample as shown in Figure 2.3, it can only be partially 

scattered by atoms on the surface of the crystal. The rest of the X-ray can pass through the next 

layer of atoms, and again part of the X-ray got scattered and the other pass through. Such process 

results the overall diffraction pattern very similar to grating diffract of X-ray. Therefore, the 

spacing between each layer should be close to the radiation wavelength, so that the beams 

diffracted by two different layers in a phase can have both constrictive interference and 

destructive interference. Assume two incident beam X and Y are irradiating the material and 

diffracted by two constructive crystal planes resulting X’ and Y’. Therefore, in order to build a 
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constructive interference, the length of XZ plus ZY have to be an integral of the X-ray 

wavelength. Otherwise, Herein, diffraction peaks only shows when  

sin
2

													 	2.1 

with θ: angle of incident X-ray; n: integer; λ: X-ray wavelength; d: spacing between two atom 

layers.136, 137 In this case, because highly regular structure is required, so only crystal structures 

can diffract, and amorphous samples can’t exhibit diffraction patterns.  

 

Figure 2.3: Reflection of X-rays from two planes of atoms in a crystal. 

Moreover, PXRD patterns for nanoscale shows unique broadness due to the crystalline 

size. That is because nanomaterial has less number of lattice planes where not all the every 

interfering waves can be cancelled. Therefore, the peak broadness represents the crystal and it 

can be used to determine the particle size using the Scherrer equation (Equation 2.2) as follows:  

0.9

cos 	
									 	2.2 
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with λ: X-ray wavelength; BM: observed peak width; BS: peak width of standard crystal; θ: 

diffraction angle. This theory will be applied in this dissertation for determining the noble metal 

NP sizes.  

For the experiment, a Philips X’Pert X-ray diffractometer equipped with a Cu Kα (λ = 

1.5418 Å) radiation was used to record powder X-ray diffraction patterns (Figure 2.4). The 

incident X-ray beam angle θ first started by 15o and slowly increased to 45o. On the other side, 

the X-ray detector records the diffracted X-ray beam with an angle of 2θ to process and generate 

the whole pattern. All the XRD data in the dissertation are generated by this way. The diffraction 

patterns are matched with PDF database from International Centre for Diffraction Data for 

crystal phase identification. Scherrer equation was used for crystal size estimation. 

 

Figure 2.4: Schematic illustration of X-ray diffraction instrument. 
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2.3 UV-Vis Spectroscopy 

 UV-Vis spectroscopy refers to absorption/reflectance spectroscopy in ultraviolet-visible 

spectral region (200 – 800 nm). For the solution absorption spectroscopy, materials are usually 

dissolved in the solvent to form an optically transparent solution. When the UV-Vis light interact 

with a material, the incident photons excite electrons from the ground state (non-bonding 

electrons or π-bonding electrons) to the lowest electronic excited state. Therefore, only certain 

wavelength of the light can be absorbed, and that depends on the energy gap between the highest 

energy occupied molecular orbital (HOMO) and lowest energy unoccupied molecular orbital 

(LUMO) (Figure 2.5).  

 

Figure 2.5: Schematic view of electron excited by UV-Vis light. 

The percentage of incident photons absorbed at each wavelength can be measured by 

scanning a certain range of the light and recording the absorbance. Specifically, with incident 

UV-Vis light pass through the molecules or nanomaterial in the solution, certain wavelength of 

the light can be adsorbed and other transmitted through. The absorbed intensity of light is 

directly proportional to the concentration of the materials, and it can be calculated with Beer-

Lambert law (Equation 2.3).  
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lo 						 	2.3 

where A is the absorbance, Io is the intensity of incident light, I is the transmitted intensity, ε is 

the molar absorptivity, c is concentration of the solution, and L is the length of the sample. 

According to the equation, concentration of the solution can be calculated when A got measured 

through instrument.  

 

Figure 2.6: Schematic view of UV-Vis spectrophotometer. 

More importantly, besides the quantitative analysis, the spectrophotometer detects 

different SPR of metal NPs based on their size, morphology and dimensionalities. Such localized 

SPR is due to the collective oscillation when the incident photons interact with the conduction 

band of the metal NPs. Therefore, in this work, A Cary 6000i UV-Vis-near infrared (NIR) 

spectrophotometer (Agilent Technologies) was used for optical absorption measurements. 

Double beam was applied in the characterization with one blank and the other one for sample 

(Figure 2.6). The light sources, a combination of deuterium lamp and tungsten lamp, give the 
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entire visible spectrum region that covers 200 nm to 800 nm. When the light passes the filter, 

which can be considered similar to a prism, the light is diffracted and only a quite narrow range 

of the wavelengths can pass through the filter to the monochromator at a time. After the passed 

light hits the beam splitter, only part of the light goes straight and pass through the cell that has 

the reference solution. The other part of the light is reflected by a mirror and pass through the 

cell with the sample solution. Both signal intensity can be observed by the photo diode and 

detected with the data processer to finalize the data. 

2.4 Transmission Electron Microscopy (TEM) 

 TEM is a commonly used technique for observing material’s shape and morphology in 

nanoscale. As shown in Figure 2.7, the electron gun at the top generates an electron beam in high 

vacuum.138 Afterwards, there is a high accelerating voltage to speed the electrons in order to 

make sure that the electrons propagate as waves with short wavelengths that can penetrate into a 

sample. The beam is focused into a coherent and thin beam by passing through several condenser 

lenses until it strikes the TEM grid with sample. When the electron beam passes through the 

sample, there are interactions between the electrons and molecules in the sample. The amount of 

unscattered electrons which pass through is determined by the thickness and scattering potential 

of the sample. Such unscattered electrons can be detected by the imaging system (an image lens 

and a fluorescent screen couple with a digital camera) and the contrast image of the sample will 

be obtained. There are three different contrast applied in the TEM, including thickness contrast, 

diffraction contrast and phase contrast. For thickness contrast, the lighter areas in the image 

stands for more sample which has more electron transmitted through), and darker areas means 

less sample so that fewer electrons transmitted through.139 The resolution can range from 0.5 Å 

to 2.5 mm, and for high resolution TEM it goes even as high as 50 million times magnifications. 
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Moreover, the scattered electrons can also provide the diffraction patterns, which can determine 

the crystal structures and calculate the lattice fringes. In this case, TEM offers a promising way 

for imaging at higher resolution of noble metal NPs morphology as well as the porous aerogel 

superstructure.140 

 

Figure 2.7: Schematic view of the inside of TEM.  

 Scanning transmission electron microscope (STEM) is a powerful characterization 

technique for imaging nanoscale materials as well as providing elemental mapping by an EDS 

detector. STEM shares with the same principle as the normal TEM mentioned above, which is 

using a focused beam of electrons to scan the sample on the TEM grid and signals are collected 

by the detector. However, similar to SEM, the backscattered electrons and secondary electrons 
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can be used for imaging in STEM with a better spatial resolution of the detector. In this case, 

annular dark field detector, which can exclude the transmitted beam and reveal compositional 

changes in the sample to obtain the elemental mapping. The total intensity observed by the 

detector can be recorded to show as a function of the position of illuminating probe. Since signal 

only presents with the atoms and vacuum has no signal at all, that leads to a brighter contrast 

with heavier atoms (higher intensity of scattering) in the image. Therefore, the mapping of the 

different mapping can also be observed. 

 In this dissertation, JEOL JEM-1230 TEM equipped with a Gatan ultrascan 4000 camera 

operating at an accelerating voltage of 120 kV. The NP samples were prepared by depositing a 

drop of solution onto the carbon-coated copper grid, followed by ambient evaporation of the 

solvent. The aerogel samples were prepared on copper grids by dispersing fine powders in 

acetone/ethanol via sonication and depositing a drop of suspension onto the copper grid, 

followed by evaporation of the solvent. The average NP sizes and hollow NPs wall thicknesses 

were obtained through 120-150 NPs per each sample and from 3-5 individually prepared samples. 

All STEM images and elemental maps were acquired in a Titan 8000-300 electron microscope 

equipped with a Fischione High-Angle Annular Dark Field detector (North Carolina State 

University) operating at 200 kV. The sample preparation is similar to TEM grids but just switch 

to ultrathin grids since more electrons can transmitted for a better quality image. 

2.5 Scanning Electron Microscopy (SEM)/ Energy Dispersive Spectroscopy (EDS) 

 The SEM is widely used electron microscopy technique for microscale imaging. It uses a 

focused beam with high energy electrons to strike the surface of solid samples in order to 

generate a variety of signals that derive interactions between them. Among these signals, such 

interactions can result into three types of most pronounced signals: secondary electrons, 
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backscattered electrons, and X-rays. These three signals can be revealed to give the information 

for samples’ surface topography, orientation of materials, crystalline structure, and elemental 

compositions. In order to generate the SEM image, the incident electron beam scans in a raster 

pattern across the surface of the sample and the emitted electrons can be detected for each 

position in certain area. The intensity of the signal displays the contrast of the brightness to 

produce the final image representing the morphology of the sample in the chosen area. Generally, 

SEM generates 2D images with scales from centimeters to microns, which helps to observe the 

overall network connections of porous materials.139  

 EDS is a powerful and useful technique for elemental analysis and chemical 

characterization. It is usually integrated into either an SEM or STEM instrument, with an EDS 

X-ray detector mounted into the sample chamber. General used EDS detectors include Si and Li 

crystals so that they can detect the scattered electrons at low voltages with high sensitivity. In 

SEM, an electron beam is scanned across the analyte surface with producing a various signals. If 

the electron beam creates a vacancy in an inner shell (K shell) of the material molecule orbital, 

an electron is transferred from outer orbital (L shell or M shell) to fulfill that spot (Figure 2.2). 

Since electrons from outer orbital has high energies, the electron gives an emission of an X-ray 

beam corresponding to the element when it transferred into the inner shell. The X-ray emitted 

from the sample during bombardment by electron beams can be absorbed by the detector, and the 

intensity of backscattered electron correlates with the characteristic X-rays of the element. 

Therefore, EDS can be observed for qualitative elemental distribution of different compositions.  

 In the experiments, NPs and aerogels powder samples were placed on a carbon tape 

attached to an Al substrate.  High resolution SEM images were acquired using Hitachi SU-70 

SEM operating at 20 kV. The elemental compositions/maps of the samples were obtained from 
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an in-situ EDS in Hitachi SU-70. The atomic composition were calculated through EDAX 

Genesis software (Oxford Instrument).  

2.6 X-ray Photoelectron Spectroscopy (XPS) 

 XPS, also known as electron spectroscopy for chemical analysis, is a technique that 

measures the elemental composition, chemical and electronic state of the elements on the surface 

of a material. The sample is first irradiated with a low energy X-rays, which can excite the 

surface atoms. If the binding energy is lower than the energy of X-ray, the electrons will emit 

from the atom, which is called as a photoelectron. However, only the photoelectrons at the outer 

surface escape from the surface, the energy of the photoelectrons can be measured through the 

detector (Figure 2.8).   

 

Figure 2.8: Schematic view excitation of photoelectrons.  

 Specifically, when a molecule or atom absorbs an X-ray photon, the electron can be 

excited and ejected. The kinetic energy of the ejected electron depends on the binding energy of 

the electron and photon energy (Figure 2.9). Since the total of binding energy and kinetic energy 

equals to the energy of the X-ray (Equation 2.4): 

							 	2.4 
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with h for the Planck’s constant and ν for the frequency of the X-ray. By measuring the kinetic 

energy, the binding energy of the electron by subtraction of the kinetic energy out of the energy 

of incident X-ray. Interestingly, even the same type of atom doesn’t necessarily have the same 

binding energy due to the difference in the surrounding environment, including ligand 

electronegativity, oxidation states, and coordination effects. Therefore, XPS becomes a 

significant characterization technique for studying surface properties. Specially for thiolate 

capped noble metal NPs, it is a promising method to investigate chemical state change of surface 

atoms during the sol-gel transformation.141 

 

Figure 2.9: The photoemission process of an excited electron escape from the orbitals as a 

photoelectron. 

In the dissertation, XPS data was recorded using a ThermoFisher ESCALAB 250 

instrument  equipped with a monochromated Al Kα X-ray source. The aerogel and NP samples 

were pressed to be loaded onto indium foil which deposited onto a conductive carbon tape, in 



41 
 

order to account for the surface charging effect of the instrument. All the data were collected 

with peaks corresponding to different compound oxidation states, and the peak positions were 

calibrated through adventitious carbon (1s) at 284.6 eV.  

2.7 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)  

ICP-MS is one of the most powerful and sensitive techniques for detecting elemental 

composition and isotope analysis. The great advantage of ICP-MS, compared to other analysis 

such as EDS, is the suitability for detecting significant low concentration of multiple elements 

with high sensitivity and accuration. The ICP-MS detection limits usually are in the range part-

per-billion to parts-per trillion depends on the elements. Generally, the samples were vaporized, 

atomized and then ionized by inductively coupled plasma with a high ionization potential energy 

(Argon, 15.76 eV).142 Specific ICP torch, which is made of fused quartz, creates and shapes the 

plasma. The sample materials are extracted through several cones to form a narrow beam and 

then accelerated to pass through the entrance slit to the mass analyzer. Then the ions will be 

separated based on their mass/charge ratio and received by the detector. The concentration of the 

ions can be quantified through the electronic signal converted from the ion signal. Usually a 

series of standards with different concentration are prepared first to observe their signal 

intensities. Since the concentration correlates with the number of ions detected, there is a linear 

correlation between the two. According to that, if the samples’ concentration falls into the 

standard solutions’ range, the concentration of unknown sample can be calculated through the 

intensity. 

In this dissertation, ICP-MS analyses were performed with a Varian 820 MS instrument. 

1 mg of each hollow NPs and aerogels was digested in freshly prepared aqua regia, and then 

further diluted into 10 mL in a volumetric flask with ultrapure water, and then again diluted 1000 
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times to meet the range of ICP-MS level. The standards were diluted into ppb level with 5 

different values to plot the correlation line for quantifying the concentration of the elements. 

2.8 Surface Area and Porosimetry Analysis 

 Since gases and vapors can be absorb by cool solids’ surface and then condensed into 

liquid phase to fill into the pores of a porous structure, the gases and vapor absorption can be 

applied for measuring the pore surface information such as surface area, pore width and volume, 

by evacuating the absorbed materials. Such kind of absorption can due to either chemisorption 

(forming chemical bonds) or physisorption (Van Der Waals forces) between gas molecules and 

porous materials surface. Therefore, in order to determine the surface area and porosimetry of 

porous materials, adsorption/desorption isotherms are quite often used.143 Specifically, N2 

adsorption/desorption analysis at 77K is applied in this dissertation. The samples were firstly 

loaded into sample tube and heated at 50 oC under vacuum for 24 hours to remove the 

contaminants. Afterwards, the sample tubes were cooled in the liquid nitrogen. With a controlled 

volume of nitrogen injected into the tube, the pressure can slowly reach equilibrium. The amount 

of nitrogen absorbed at each pressure can be plotted as a curve (Figure 2.10). The x axis 

represents the relative pressure verses the saturation pressure P0, whereas the y axis stands for the 

amount absorbed.  

In mesoporous materials, the adsorption/desorption behavior depends both on the 

material surface with liquid (usually liquid N2) interaction strength and attractive interactions 

between the liquid molecules, which causes not only the multilayer absorption but also capillary 

condensation inside of the mesopores (2-50 nm) to macropores (> 50 nm). Starting with low 

value of P/P0 (0.03 – 0.4), the N2 molecule attached onto the surface to form a monolayer, which 

fills the micropores (< 2 nm). The isotherm tends to exhibit a linear plot which means the N2 
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absorption increases with the pressure. As the P/P0 increases (0.5 – 0.8) and the formation of 

monolayer almost finished, multilayer absorption started on top of the monolayer, which fills the 

majority of mesopores (2-50 nm). The isotherm is a curve at this range since more layers formed 

with the increase of pressure. Afterwards, due to the further increase of P/P0 (above 0.8), the 

gases were condensed to liquid and fill the macropores (> 50 nm) of the material, which caused a 

hysteresis loop in the isotherm. (Figure 2.10)  Therefore, the adsorption/desorption isotherms 

helps with determination of surface area, pore volume, pore size distribution and other 

properties.144 According to IUPAC classification, there are six types of isotherms (type I-VI) 

classified by shape (Figure 2.11), and they can be used to identify different type of materials. 

Type I, represents that material has extremely small micropores. Type II and IV indicate that the 

material either has no pores or relatively large pores. Type III and Type V are due to the greater 

affinity of the adsorbate molecules on the solid surface. Type VI only shows for the nonporous 

solid that has smooth surface. Type IV and V’s hysteresis loops are due to the differences in the 

rate of pores filling and emptying. The hysteresis loops of the isotherms can be categorized to 4 

types (type H1-H4) indicating different shapes of the pores present in the materials: cylindrical 

or tubular shaped (H1), bottle-shaped (H2), parallel plates (H3) and slit-shaped (H4). (Figure 

2.12) 
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Figure 2.10: A representative N2 adsorption (red) / desorption (blue) isotherm.  

 

Figure 2.11: Six types of basic adsorption/desorption isotherms. 
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Figure 2.12: Categories of gas adsorption/desorption hysteresis loops. 

In order to calculate the surface area and pore size distribution, the isotherm data were fit 

using the Brunauer-Emmett-Teller (BET) model to calculate the surface areas whereas the 

Barrett-Joyner-Halenda (BJH) model was used to determine the average pore diameters and 

cumulative pore volumes. BET model applied for the linear plot part (0.03-0.4) with the 

following equation: 

1

1

1 1
								 	2.5 

with Va for the volume of N2 absorbed at given P/P0; Vm for the volume of N2 to cover the 

surface; C is heat absorption constant. By multiplying Vm with Avogadro’s number, the number 

of N2 atoms that forms the monolayers can be calculated. Since the radius of the N2 is known 

(0.16 nm2), the total area can be obtained by multiplying with N2 atom number. As the weight of 

the samples was measured, so that the materials surface area is easy to get.  

 The BJH model is based on Kelvin equation (Equation 2.6), which quantifies the 

proportionality between the pore size and equilibrium gas pressure.  
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where R is the gas constant; T is the absolute temperature; P is the relative pressure; P0 is the 

saturation pressure; γ is the surface tension; Vm is the molar volume of the liquid and r is the 

mean radius of curvature of the liquid. For the N2 desorption, the pore volume can be measured 

through the desorbed gas amount. The BJH model can be used to calculate the number of 

multiple layers using pore radius and layer thickness, so that it allows for the calculation of pore 

sizes from the isotherms. Therefore, the BJH model can determine the cumulative pore volume 

and pore diameter.  

In this dissertation, The N2 adsorption/desorption isotherms were acquired using a 

Micromeritics ASAP 2020 surface area and porosimetry analyzer at 77 K. All samples were 

degassed under vacuum at 50°C for 24 h prior to the analysis. The isotherm data were fit using 

the BET model to calculate the surface area values. The average pore diameters and cumulative 

pore volumes were obtained by applying the BJH model to desorption branches of the respective 

isotherms. Five independently prepared samples were analyzed for each system. 

 

2.9 Surface Enhanced Raman Scattering 

Background and principle has been thoroughly discussed in chapter 1.10. 

 Figure 2.13 shows the basic principle of the SERS instrument. The laser beam at certain 

wavelength is generated through the laser source (usually 532 nm or 785 nm). Then the beam 

interact with samples deposited on the substrate, noble metal aerogels or NPs. Since the beam 

can be scattered elastically (Rayleigh scattering) and also inelastically (Raman scattering), both 
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of the scattered laser beams are received by the detectors. The energy difference between the 

incident laser beam and Raman scattered laser equals to the change of the nuclear motions, 

including molecular vibrations, scissoring and stretches. The software analyzes the difference 

between the energy of the laser and scattered laser beam, and then the spectrum of Raman shift 

verses signal intensity can be obtained (Figure 2.13).145 

 

Figure 2.13: Schematic view of a sample on SERS substrate scattered incident laser beam.  

SERS measurements were performed on a Horiba LABram HR Evolution Confocal 

Raman Spectrometer equipped with a 532 nm laser. The Rd 101 solutions (1 µM - 1 nM) were 

prepared in ethanol and the aerogels were immersed in each solution for 24 h with intermittent 

shaking. The dye solutions were decanted off then the aerogels were placed on an aluminum 

substrate (pan) and allowed to dry prior to spectra acquisition. The NP samples were prepared in 

two different ways, first the Rd 101 solutions were premixed with the Au/Ag NP sols (10 mM) 

for 24 h and a drop (20 µL) of this mixture was placed on an Al substrate and allowed to 

evaporate under ambient conditions. Second, a drop (20 µL) of the concentrated (10 mM) NP sol 

(without Rd 101) was placed on an Al substrate and the solvent was allowed to evaporate, 

producing a dried NP precipitate. Then, the Rd 101 solutions were drop casted onto as-prepared 
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NP precipitates. For all measurements, SERS spectra were acquired with a fixed laser power of 3 

mW, 10X objective, spot size of 50 µm, receiving slit width of 500 µm, and an acquisition time 

of 10 s.  

2.11 Cyclic Voltammetry (CV) 

 CV is a versatile potentiodynamic electrochemical measurement technique which can be 

used to study the redox behavior of materials. It offers a promising yet fast approach to evaluate 

the location of the redox potentials of electroactive species. It develops an electrochemical cell 

under conditions which voltage is in excess than the predicated value through Nernst equation 

(Equation 2.7). The systems includes three electrode cell submerged in an electrolyte solution, 

and connect to the CV instrument for measurement. Counter, reference and working electrodes 

are setup closely in a closed cell under an inert atmosphere to avoid the effect of oxygen. The 

electrolyte solution is prepared through dissolving an ionic material, such as strong acid (HNO3, 

HNO3), base (NaOH, KOH), or salt (NaCl, KCl) in to polar solvent (water, ethanol, methanol 

etc.). The analyte, or electroactive species dissolves in the electrolyte solution to make the cell. 

After the connection to make a circuit, different potentials are applied at a specified scan rate 

mV/s, in order to measure the change of the current. The potential keep cycles between two 

predetermined voltages until reaching steady state.  

0.0592
													 	2.7 

Therefore, the CV requires the measurement of current at the working electrode during 

cyclic potential scans (Figure 2.14). The arrow shows the direction of the initial scan. With 

increasing the initial potential, the anodic current increase, resulting an oxidation of the material. 

The Ip
ox is reached when all of the materials at the surface of the electrode got oxidized, and 
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corresponding potential is Ep
ox. When the potential goes to Emax, which is also called as 

switching potential, the potential scans move negatively resulting the cathodic current and 

reduction happens. The peak current is called as cathodic current Ip
red, and corresponding 

potential is Ep
red. Similar to the other peak, all the material on the working electrode got reduced.  

 

Figure 2.14: Schematic illustration of a reversible scan of CV. 

       

The working electrodes for the electro-oxidation of methanol were fabricated by 

depositing a thin film of nafion-impregnated ternary alloy aerogel catalyst ink on glassy carbon 

electrodes (GCE, 5 mm in diameter, or 0.196 cm2 in area).  A mixture of 4.0 mg of the ternary 

alloy aerogel, 370 L isopropanol, and 30 L nafion (Aldrich, 5 wt%) was sonicated for 60 seconds 

to produce ternary alloy aerogel inks with a concentration of 10 g/μL. Electrodes with a catalyst 

loading of 0.6 mg were prepared by allowing the isopropyl alcohol in the deposited inks to 

evaporate at room temperature. The electrodes were further dried at 50 oC for 12 h and stored in 

a desiccator.   
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Figure 2.15: Schematic view of three electrode system of the CV for methanol oxidation 

catalysis experiment. 

     The electrochemical performance of the as-prepared ternary alloy aerogels as active electrode 

materials toward the electro-oxidation of methanol has been investigated by means of cyclic 

voltammetry (CV), chronoamperometry and electrochemical impedance spectroscopy (EIS) on 

CHI-401 electrochemical workstation (CH Instruments Inc.). The aqueous electrolyte solution 

(KOH, 1 M) was prepared with ultrapure water. Prior to any electrochemical measurement, all 

test solutions were deaerated using a high purity nitrogen for 1 h.  All the electrochemical 

measurements were conducted in 1 M KOH aqueous solution containing methanol in a 

conventional three-electrode test cell at room temperature and under nitrogen as a protection 

atmosphere. Ternary alloy aerogel modified GCE, and Pt wire (CH Instruments Inc.) were used 

as working electrode, and counter electrode, respectively. Potentials of the working electrode 

were recorded against Ag/AgCl (CH Instruments Inc.) reference electrode. Activation of the 

ternary alloy aerogel modified GCE has been done by cycling it in 1 M KOH aqueous electrolyte 

in the voltage range -1.0 to 0.15 V (vs. Ag/AgCl) for 10 cycles at scan rate of 50 mV s-1. Effect 
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of the scan rate on the electro-oxidation of methanol in 1 M KOH aqueous solution containing 2 

M methanol was studied. Stability and tolerance of the as-prepared ternary alloy aerogel catalysts 

were evaluated by chronoamperometry in 1 M KOH aqueous solution containing 2 M methanol. 

The conductivity of the ternary alloy aerogel electrodes was determined in 1 M KOH aqueous 

solution by EIS in a frequency range of 0.01 Hz to 0.5 GHz with 5 mV AC amplitude. 
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Chapter 3: Oxidation-Induced Self-Assembly of Ag Nanoshells into Transparent 

and Opaque Ag Hydrogels and Aerogels 

3.1 Introduction 

The advent of nanotechnology has sparked many research forefronts in the creation of 

nanoscale materials with control over size, shape, composition, and surface properties.1,2,146 

However, the development of revolutionary technologies is predicated on our ability to build, 

orient, and assemble nanosized solids into functional architectures with useful and controllable 

physical properties. Therefore, the use of oxidation induced self-assembly to produce low-

density, high-surface-area, conducting aerogels from colloidal NPs has gained significant interest 

in recent years. Accordingly, synthesis of semiconductor aerogel from metal chalcogenides and 

pnictide NPs has been reported.43,67-69 However, application of this strategy for assembly of 

metal NPs has not been thoroughly investigated. Recently, Eychmüller’s group established 

monometallic (Au, Ag, and Pt) and heterogeneous bimetallic (Ag-Pt and Ag-Au) solid NP-based 

aerogels via H2O2 oxidation of NP solloidals.27-29 Moreover, our group reported the synthesis of 

Au/Ag, Pt/Ag, and Pd/Ag alloy aerogels via salt-mediated cross-linking of negatively charged 

precursor NPs.22 However, the use of cyclodextrin or other ligands for bridging is detrimental for 

electrical transport, interparticle coupling, and limit thermal stability of assemblies. Therefore, 

developing the self-assembly of highly porous self-supported gel framework that has direct noble 

metal NP linkage without intervening ligands has received significant interest. Therefore, in this 

chapter we reports the synthesis of Ag nanoshells (NSs) displaying size and shell thickness 

tunable plasmonics without the use of dielectric cores. Moreover, for the first time we 

demonstrated the extension of oxidation-induced NP condensation strategy for the assembly of 

Ag NSs into transparent and opaque Ag gel frameworks. The opaque hydrogel and aerogel 
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composed entirely of hollow NSs, exhibit enormously high surface areas and extremely low 

densities. More importantly, the mesoporosity of the aerogel can be tuned with different 

precursor NPs used. The network structure, morphology, surface area, and porosity of the NSs 

and aerogels are evaluated, characterized, and discussed in this chapter. 

 

3.2 Experimental Section 

Materials. Silver nitrate (99.9%) and sodium borohydride (98%) were purchased from Strem 

Chemicals. Tetranitromethane and L-glutathione reduced (98%) were purchased from Sigma-

Aldrich. Sodium hydroxide (ACS grade) and acetone (ACS grade) were purchased from Fisher. 

The water used in all syntheses was 18 MΩ milli-Q filtered. All chemicals were used as received 

without further purification. 

Synthesis of Ag NSs. Ag NSs with varying size and shell thickness were prepared by 

following a literature method104 with further modification for the purpose of large scale 

production (Table 3.1). In a typical synthesis, 50 mL of water was added to a 250 mL reaction 

flask in ice water bath and appropriate volumes of 10 mM AgNO3 and glutathione were added 

(Table 3.1). After mixing for 5 minutes, the pH of the reaction mixture was adjusted to 12 using 

0.1 M NaOH, which caused an immediate color change from colorless to pale yellow indicating 

the formation of Ag2O NPs. Finally, an excess of NaBH4 (Table 3.1) was swiftly injected and the 

solution has turned to orange-brown, pink, or purple indicating the formation of hollow Ag NSs 

with varying size and shell thickness. These reactions were performed multiple times to prepare 

375 µmol of Ag NS solution (~800- 2400 mL) for the subsequent gelation studies. 

 



54 
 

Table 3.1 The volumes of 0.1 M AgNO3, 10 mM glutathione, 0.1 M NaOH, and 10 mM NaBH4 

used in the synthesis of Ag NSs. 

Sample Plasmon band 
maxima (nm) 

10 mM 
AgNO3 (mL) 

10 mM 
Glutathione (mL) 

0.1 M NaOH 
(mL) 

10 mM 
NaBH4 (mL) 

1 470 3.00 0.27 10.00 3.60 

2 480 3.00 0.30 10.00 3.60 
3 490 3.00 0.35 10.00 3.60 
4 500 1.20 0.10 10.00 3.60 
5 510 1.10 0.10 10.00 3.60 
6 520 1.00 0.10 10.00 3.60 
7 550 1.00 0.13 10.00 3.60 
8 570 1.00 0.15 10.00 3.60 

 

Preparation of Concentrated Colloidal Sols. For the preparation of concentrated Ag sols, 

two techniques were employed; centrifuge filtration (CF) and rotatory evaporation (RE). With 

CF technique, Sartorius Vivaspin centrifuge filters (MWCO 30,000) were employed. In a typical 

synthesis, the centrifuge filters were filled with 20 mL of the as-prepared Ag sol, followed by 

centrifugation at 3000 g for 6-7 minutes to remove 15 mL of water and the majority of ionic 

byproducts (Na+, NO3
-, OH-, unreacted thiolates). When the total volume was reduced from 800-

2400 mL to 50 mL, an aliquot of ultrapure water (200 mL) was added to wash off the remaining 

byproducts. After washing twice, the final volume was further reduced to 10 mL and 0.0375 M 

Ag NS sol was produced (based on the moles of AgNO3 used in the synthesis and assuming 100% 

reduction). In the case of RE technique, 800 mL of Ag sol was first concentrated by employing 

centrifuge filters (~400 mL) and then transferred to a rotary-evaporation flask. The volume was 

finally reduced from ~400 mL to 10 mL via rotary-evaporation without disturbing the colloidal 

stability of Ag NSs. 

Formation of Ag Hydrogels and Aerogels. The 10 mL sol was divided into 1 mL aliquots 

and kept in small glass vials for the gel formation studies. For the formation of opaque Ag 
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hydrogels, 100 µL of 1% tetranitromethane (C(NO2)4) in acetone was added to each glass vial 

containing 1 mL of Ag sol. The resulting mixture was vigorously shaken and left in the dark for 

gel formation. For the formation of transparent Ag hydrogels, 350 µL of 1% C(NO2)4 was added 

to each glass vial containing 1 mL of Ag NS sol. In both cases, the gradual condensation of the 

Ag colloids into monolithic hydrogels was observed within 4-12 hours. In addition, different 

volumes of 1% H2O2 (50 to 500 µL) were also employed in the gel formation studies. However, 

with 1% H2O2, formation of Ag films or mirrors were observed after 4-8 weeks.  

The resulting hydrogels were first washed with ultrapure water and then with acetone to 

remove byproducts of the oxidation. Specifically, the water layer on the top of the Ag hydrogels 

was removed and the acetone was carefully added along the side wall of the glass vial without 

breaking the Ag monolith. This process was repeated every 2 hours until the pale yellow color 

(due to in-situ generated HNO3 acid) of the supernatant disappears, which is about 6-8 times 

washing. For the preparation of Ag aerogels, CO2 supercritical drying (SCD) was employed. In a 

typical drying process, the acetone exchanged Ag wet-gels were loaded into the supercritical 

dryer and exchanged with liquid CO2 4-5 times over 12-16 hours at 15C. Finally, the 

temperature was raised to 40C and the wet-gels were dried under supercritical conditions for 20-

30 minutes. As a comparable study, Ag xerogels were also prepared by evaporation of the 

solvent from acetone-exchanged wet-gels over 2-3 days. 

 

3.3 Results and Discussion 

The size and shell thickness tunable Ag NSs were prepared by fast chemical reduction of pre-

formed Ag2O NPs. The precursor Ag2O templates were produced by the reaction of AgNO3 with 
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NaOH in the presence of glutathione surfactant. Following the synthesis of the Ag2O, an aqueous 

solution of NaBH4 was quickly injected under vigorous stirring, which caused an immediate 

color change from pale-yellow to orange-brown, pink, or purple indicating the reduction of Ag2O 

into hollow Ag nanostructures. This fast reduction step is found to be critical for the formation of 

narrowly disperse Ag NSs with uniform size and shell thickness. In contrast, when the reduction 

reactions were performed with the slow addition of NaBH4 (0.5 mL/min.) significantly smaller 

solid NPs (4-6 nm) were produced (Figure 3.1). It has been proposed that the transformation of 

Ag2O into hollow Ag NSs is triggered by the slow inward diffusion of NaBH4 and rapid outward 

diffusion and dissolution of Ag+ via a nanoscale Kirkendall-type reaction.104 However, in the 

above report the synthesis of single crystalline Ag NSs with Plasmon band centered at 480 nm is 

reported and the facile tunability of the NS size and shell thickness has not been reported. In a 

recent study, synthesis of Ag hollows with SPR maxima in the range of 455-605 nm is 

demonstrated by varying the nature and concentration of the reducing agent and the thiolate 

surfactant.147 However, significantly broad plasmonic bands (full with at half maxima, FWHM = 

140-550 nm) were attained owing to poor size and shell thickness control, which is also apparent 

in the TEM images.147 Nonetheless, we found that the outer diameter and shell thickness of the 

Ag NSs can be tuned by varying the concentration of AgNO3 and thiolates in the reducing 

mixture and consequently the size of the sacrificial Ag2O template. This has been achieved 

through fine tuning the molar ratio of AgNO3 to glutathione while keeping the moles of NaOH 

and NaBH4 constant under ambient conditions. As-prepared Ag NSs display a progression in 

color from orange-brown to pink or purple as the SPR bands are red-shifted with increasing size 

and shell thickness (Figure 3.2). The FWHM of the plasmonic bands were in the range of 58-121 

nm, indicating the narrow dispersity of as-prepared samples. In contrast, the solid Ag NPs 
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produced via slow addition of NaBH4 exhibit a SPR maximum at 410 nm (Figure 3.1).  The red 

shift observed in the SPR for Ag NSs is consistent with previous reports on hollow Au NSs 

where a similar shift is observed with increasing size and shell thickness. The TEM images of 

the NSs show that in all samples large hollows have been created (Figure 3.3). The elemental 

compositions, wavelengths of the SPR maxima, crystallite sizes, shell thicknesses, inner and 

outer diameters, surface areas and porosities of the selected Ag NSs used in the metallic gel 

synthesis are reported in Table 3.1.  

 

Figure 3.1: (A) UV-visible absorption spectra and (B) a representative TEM of the solid Ag NPs 

prepared by slow addition of NaBH4 (0.5 mL/min.). Inset in B shows the electron diffraction 

pattern, which can be indexed to a cubic lattice (PDF. 01-0870-719). ).   
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Figure 3.2: Normalize UV-visible absorption spectra of the as-prepared Ag hollow NSs (sample 

1 through 8) displaying surface Plasmon resonance maxima at (1) 470, (2) 480, (3) 490, (4) 500, 

(5) 510, (6) 520, (7) 550, and (8) 570 nm.  
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Figure 3.3: Transmission electron micrographs of the Ag hollow NSs displaying (A) 24.1 ± 4.5, 

(B) 46.2 ± 5.4, (C) 55.1 ± 6.5, and (D) 60.1 ± 7.6 nm average outer diameters. 
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Table 3.2 Comparison of crystallite sizes, average shell thicknesses, inner and outer diameters, 

elemental compositions, wavelengths of the SPR maxima, surface areas, average pore diameters, 

and cumulative pore volumes of the as-prepared Ag NSs (NS I-IV) and the corresponding 

aerogels (AG I-IV) along with the densities of Ag Aerogels.  

Sample Nanoshells Aerogel 

NS I NS II NS III NS IV  AG I AG II AG III AG IV 

Crystallite size 

(nm)a 

16.5 ± 0.2 19.6 ± 0.2 22.5 ± 0.2 25.1 ± 0.2 12.3 ± 0.2 17.6 ± 0.2 19.5 ± 0.2 N / A 

Shell thickness 

(nm)b 

5.8 ± 0.9 9.1 ± 1.2 10.4 ± 1.4 11.2 ± 1.8 5.5 ± 0.9 8.9 ± 1.2 10.1 ± 1.6 N / A 

Inner Diameter 

(nm) 

12.5 ± 3.1 28.1 ± 4.8 34.3 ± 5.2 37.7 ± 6.8 11.8 ± 1.5 25.9 ± 2.1 33.1 ± 2.8 N / A 

Outer Diameter 

(nm) 

24.1 ± 4.5 46.2 ± 5.4 55.1 ± 6.5 60.1 ± 7.6 22.8 ± 1.9 43.7 ± 3.0 53.3 ± 3.5 N / A 

Compositionc Ag 86.34% 

S   13.66% 

Ag 85.06% 

S   14.94% 

Ag 84.25% 

S   15.75% 

Ag 83.48% 

S   16.52% 

Ag 95.43% 

S   4.57% 

Ag 96.14% 

S   3.85% 

Ag 95.55% 

S   4.45% 

Ag 96.40% 

S   3.60% 

SPR maxima 

(nm) 

480 500 510 520 N/A N/A N/A N/A 

Density (g/cm3) N/A N/A N/A N/A 0.041 0.037 0.038 0.04 

Surface area 

(m2/g)d 

7.6 6.2 3.1 4.9 127-160 81-98 76-127 43-46 

Molar Surface 

area (m2/mol)e 

820.8 669.6 334.8 531.2 1.4-1.7x104 0.87-1.1x104 0.83-1.4x104 4.7-4.9x103 

Cumulative Pore 

Volume (cm3/g) 

0.021 0.038 0.026 0.027 0.53-0.73 0.28-0.86 0.33-1.12 0.28-0.33 

Average Pore 

Width (nm) 

5.2 15.6 12.1 16.6 10.3-17.2 12.8-21.5 20.9-21.3 19.8-21.1 
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aCrystallite sizes were calculated by applying the Scherrer formula to all diffraction peaks in the 

PXRD pattern.  bAverage nanoshell thicknesses were obtained by measuring the inner and outer 

diameter of more than 100 nanoshells from TEM images. cElemental compositions were 

obtained by SEM/EDS analysis of multiple samples, and the average values are presented. 

dSurface area values were obtained by applying the BET model to nitrogen adsorption/desorption. 

eMolar surface area values were calculated by multiplying the BET surface area by the molar 

mass of Ag. eAverage pore diameters and cumulative pore volumes were obtained by applying 

the BJH model to the desorption branch of the respective isotherms.  

 

For the Ag gel synthesis, we have specifically investigated the use of 24.1±4.5, 46.2±5.4, 

55.1±6.5, and 60.1±7.6 nm outer diameter Ag NSs representing a wide range of NS sizes and 

shell thicknesses, which are designated as NS I, NS II, NS III, and NS IV, respectively. 

Corresponding aerogel products are termed as AG I, AG II, AG III, and AG IV, respectively 

(Table 3.2). In general, the sol-gel transformation of NP colloids requires highly concentrated 

sols that can be placed in suitable conditions for the self-assembly.89 Typically, the 

destabilization of NP sol leading to controlled aggregation is achieved by oxidative removal of 

the surfactant ligands.89 It was found that the glutathione functionality provides the highest 

colloidal stability of Ag NSs as well as efficient destabilization through oxidation as it can 

strongly complex with the surface Ag and the solvent water molecules. Hence, highly 

concentrated Ag colloids (0.03-0.05 M) coated with glutathione were prepared by using either 

the RE or the CF technique. 

Initially, we have investigated the synthesis of Ag hydrogels using common oxidants and the 

concentrated colloids produced by RE technique. The introduction of C(NO2)4 or H2O2 into Ag 

sols (obtained from rotary evaporation) did not produce corresponding hydrogels; however thin 
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sheet-like Ag films were obtained after 1-2 months. It is likely that the ionic byproducts (Na+, 

NO3
-, OH-) present in the concentrated Ag sols can reduce the stability of NSs resulting in 

precipitation, followed by decomposition into Ag films. Hence, the purification of Ag colloids 

prior to the application of oxidant is found to be essential for the successful assembly of NSs. In 

contrast, CF technique offers an effective method to produce purified Ag colloids via removal of 

solvated ions along with excess water while retaining the colloidal stability of Ag NSs. 

Consistent with our hypothesis, monolithic Ag hydrogels were produced after the addition of 

C(NO2)4 into concentrated Ag sols obtained from CF technique. Nonetheless, attempts to 

produce Ag gels using H2O2 and purified colloids obtained from CF technique were not 

successful owing to rapid oxidation of glutathione, followed by precipitation of Ag NSs.148 

Conversely, the progressive removal of glutathione was only achieved by employing different 

volumes (50-500 μL) of 1% C(NO2)4. The addition of C(NO2)4 results in the slow oxidation of 

thiolates into disulfides as the primary byproduct (Equation 3.1-3.3),149 creating active sites on 

the NS surface. Consequently, these active sites can undergo direct cross-linking to produce 

monolithic Ag hydrogels (Figure 3.4).  

GSH C NO 	→ GSNO C NO 	H 						Equation	3.1 

GSNO GSH	 → GS SG NO 	 			 	3.2 

3HN → 2 	 						 	3.3 
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Figure 3.4: Photographs illustrating the transformation of Ag NS sol into an opaque gel and the 

compaction and syneresis that occurs upon gel aging: (a) concentered Ag sol, Ag sol (b) 1 h. and 

(c) 1.5 h. after the addition of C(NO2)4, gel aged for (d) 2 h., (e) 2.5 h., (f) 3.5 h, (g) 5 h. The 

oxidant/thiolate (X) ratio is 2.2 and the bottom scale bar is in centimeters.  

It was also revealed that the ability to transform Ag colloids into a nanoparticulate gel 

material relies in part on the kinetics by which active sites for the assembly become available on 

the NS surface. If no sites are available because of the strict passivation by glutathione, Ag 

colloids are stable in solution, whereas if too many sites become available at one time, rapid 

precipitation can occur. Therefore, the gelation kinetics can be tuned by varying the quantity of 

the oxidant relative to the amount of thiolate (glutathione) present in the solution. Accordingly, 

we found that up to a minimum molar ratio of oxidant/thiolate, Xmin = 1.1, Ag colloids are highly 

stable in solution and the gelation is not observed. Above Xmin, the rapidity at which gel 

formation occurs increases with increasing X, until the kinetics are so fast that a precipitate forms 

in lieu of a gel at X = 13.2 (i.e. 12Xmin). At high concentrations of C(NO2)4, the large number of 

active sites facilitates the interparticle cross-linking, resulting in more compact Ag hydrogels. 

Likewise, significant polymerization during the gel aging results in dense hydrogels. Therefore, 

(a) (b) (c) (d) (e) (f) (g) 
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as a preliminary investigation, the gelation was studied with different molar ratios of 

oxidant/thiolate. We found that the X=1.65 provides the optimum conditions to produce opaque 

Ag hydrogels retaining the precursor NS morphology, high surface area and porosities. 

Thereafter, opaque Ag hydrogels were produced primarily with X=1.65. Interestingly, when the 

X > 7.7 yellow-brown colored transparent Ag hydrogels were obtained (Figure 3.5). Notably, the 

transparent hydrogels experienced a much slower condensation rate in comparison to opaque Ag 

hydrogels. As-synthesized Ag hydrogels were aged under ambient conditions for 6-8 hours and 

the byproducts of the oxidation (disulfides and sulfonates) were removed by exchanging the 

solvent 6-8 times with acetone over 1-2 days. Finally, the acetone-exchanged wet gels were dried 

using supercritical CO2 to produce monolithic Ag aerogels.  

As-prepared Ag aerogels were black (opaque hydrogels) or brownish-black (transparent 

hydrogels) in color and showed a 5-10% volume loss when compared to acetone-exchanged wet-

gels. Interestingly, the monoliths of Ag aerogels exhibit densities as little as 0.037-0.041 g/cm3, 

representing ~0.4% of the density of bulk Ag. This study offers a novel approach for the 

construction of metal aerogels with control over physical properties through fine tuning the 

oxidant/thiolate molar ratio, providing great advantage over previously reported metal NP 

condensation strategies,91 which appeared to lack such control over gelation kinetics.  
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Figure 3.5: Photographs showing the condensation of opaque Ag sol into transparent Ag 

hydrogel: (a) concentrated Ag sol; (b) sol 2 h. after treatment with C(NO2)4, gel aged for (c) 4 h., 

(d) 6 h., (e) 8 h., (f) 10 h., and (g) 12 h. The oxidant/thiolate molar ratio (X) is 7.7.  

 

The oxidative removal of the glutathione ligands from Ag NSs and subsequent SCD drying 

has no apparent impact on the structure and crystallinity of the Ag NSs that make up the gel 

framework (Figure 3.6). The X-ray diffraction patterns of the Ag aerogels and xerogels are 

characteristic of the cubic Ag phase (PDF # 01-0870-719) with broadening of Bragg reflections 

owing to nanoparticulate nature of the material. The diffraction peaks corresponding to precursor 

Ag2O (PDF # 01-0870-719) were not observed in the powder patterns of Ag hollows and 

corresponding gel products indicating the successful reduction of Ag2O to metallic silver. 

Average crystallite sizes estimated based on Scherrer analysis suggest that the Ag crystallites 

within the gel frameworks are slightly smaller than those of precursor NSs, which is consistent 

with the TEM measurements (Table 3.2). This can be attributed to oxidative etching of the Ag 

hollows by C(NO2)4 and  the HNO3 acid byproducts during self-assembly, which has been 

(a) (b) (c) (d) (e) (f) (g) 
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proven to reduce the size of Ag particles.150, 151 Nevertheless, the core crystal structure remains 

unchanged upon gelation and subsequent aero-/xero-gel formation.  

 

Figure 3.6: Powder X-ray diffraction patterns of the cubic Ag2O NPs (a) along with the 24.5 ± 

4.5 nm outer diameter cubic Ag NSs (b) produced from Ag2O templates. PXRD patterns of the 

corresponding Ag aerogels (c) and xerogels (d) produced via oxidative-assembly of Ag NSs.   

The elemental compositions of the precursor NSs and aerogels were investigated by 

employing the SEM/EDS on several individually prepared samples and the average results are 

shown in Table 3.2. The precursor NSs prepared by the reduction of Ag2O exhibit two prominent 

peaks in the EDS spectrum corresponding to Ag and S with atomic ratios in the range of 83-86%: 

17-14% (Figure 3.7). In addition, peaks corresponding to oxygen and carbon are also observed in 

the Ag NSs, which can be attributed to surface bound glutathione ligands. Upon gelation and 

aerogel formation, no peak for oxygen is detected indicating the successful reduction of Ag2O to 
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metallic Ag and the removal of glutathione during the precursor NS synthesis and oxidation-

induced self-assembly, respectively. Moreover, the S content is dramatically reduced to 3-5 % in 

the aerogel product, which further confirms the oxidative removal of glutathione (Table 3.2). As 

described earlier, Ag hydrogels can also be prepared by varying the oxidant/thiolate molar ratio 

(X value) in the concentrated colloidal solutions. Using the above phenomena oxidative removal 

of glutathione can be further established by the fact that the atomic percentage of the S decreases 

as 5.5, 4.7, 4.1, 2.8, and 2.1% in the corresponding aerogel product when the oxidant/thiolate 

molar ratio (X) is systematically increased from 1.1, 1.7, 2.2, 3.3, and 4.4, respectively.  

 

Figure 3.7: SEM images of the as-prepared Ag aerogels (A) and xerogels (B) assembled from 

24.1 ± 4.5 nm Ag NSs (C) along with the representative SEM/EDS spectra of the 24.1 ± 4.5 nm 

outer diameter Ag NSs (D) and corresponding Ag aerogels (E). 
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In order to monitor the oxidation state of Ag throughout the self-assembly, XPS studies were 

performed on Ag NSs, corresponding opaque and transparent Ag gel materials. Ag (3d5/2) 

binding energy of 367.6 eV was obtained for precursor NSs indicating nearly complete reduction 

of Ag2O to metallic Ag (Figure 3.8A). The Ag metal exhibits a binding energy of 368.0 eV for 

Ag (3d5/2),152 the negative 0.4 shift observed can be attributed to the presence of surface Ag+ 

species that are coordinated to glutathione ligands. Further, the analysis of O (1s) spectrum 

indicates a binding energies of 530.56 eV and 531.35 eV for O (1s) which can be assigned to the 

C=O and C-O bonds of the glutathione moiety (Figure 3.8B). The small peak at 533.5 eV in the 

O (1s) spectrum is likely caused by trapped surface contaminates from exposure to ambient air. 

If significant Ag2O is present in the precursor NSs binding energy of 529.0 eV is expected.153 

The side hump observed at 366.9 eV for Ag (3d5/2) can be assigned to Ag-S-C surface states 

likely formed through coordination of glutathione.152 Moreover, the S (2p) spectrum (Figure 3.9) 

has a binding energy of 161.9 eV for S (2p), which can be assigned to the S2- linking the surface 

Ag+ with glutathione.154 In contrast, significant changes in the XPS spectra were observed upon 

gelation and aerogel formation. In the corresponding opaque and transparent aerogels, the Ag 

(3d5/2) spectra (Figure 3.8C-D) indicate the disappearance of the Ag-S-C species with only 

metallic Ag present at 368.1 eV. This observation is consistent with the removal of glutathione 

moiety from precursor NSs and suggests that the oxidation-induced self-assembly has no effect 

on the valance state of Ag. Further, the examination of the S (2p) spectra of both transparent and 

opaque aerogels indicate the formation of additional S species, which are likely to produce 

through oxidation of glutathione into disulfides and sulfonates (Figure 3.9).148 
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Figure 3.8: The (A) Ag (3d5/2) and (B) O (1s) XPS spectra of the precursor NSs along with the 

Ag (3d5/2) spectra of the aerogels produced from (C) opaque and (D) transparent Ag hydrogels. 

The dotted lines represent spectral data. Solid black, gray and red lines are the fitted 

deconvolutions.  



70 
 

 

Figure 3.9: The S (2p) XPS spectra of the (A) precursor Ag NSs and the aerogels produced from 

(B) opaque and (C) transparent Ag hydrogels. The dotted lines represent spectral data. Solid 

black and red lines are the fitted deconvolutions. 

Transmission (TEM) and scanning (SEM) electron microscopies were employed to 

investigate the morphology of Ag NSs, corresponding opaque and transparent Ag aerogels. As 

shown in Figure 3.3, precursor NSs exhibit hollow morphology with narrowly dispersed size and 

shell thickness, which is consistent with the tunable plasmonics observed in the visible spectrum 

(Figure 3.2). Representative SEM and TEM images of opaque aerogels are shown in Figure 

3.10A and 3.3.11A-D, respectively. SEM images indicate the highly porous morphology of the 

aerogel product displaying pearl necklace aggregates of precursor particles (Figure 3.10A). In 

contrast, a larger degree of fusion and densification is observed in the bench-top dried xerogel 

samples (Figure 3.10B and 3.11E). Similarly, the TEM images of the aerogels assembled from 
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NS I, NS II, and NS III particles exhibit an inter-connected network of Ag hollows that have 

typical dimensions in the same scale as precursor particles (Figure 3.11A-C and Figure 3.12). 

Thus, the corresponding Ag aerogels (AG I-III) are likely to produce through direct cross-linking 

of hollow NSs into fractal aggregates and are morphologically similar to traditional base-

catalyzed silica aerogels.5 However, the gel frameworks assembled from NS IV particles exhibit 

significant changes in morphology (Figure 3.11D) in comparison to precursor NSs (Figure 3.3D). 

The AG IV product consists of an inter-connected network of large Ag hollows and small NPs, 

which are appeared to result from breakup of the precursor NSs. The origin of small NPs can be 

attributed to lower stability of significantly larger hollows that can breakup into smaller NPs (6-

20 nm) upon oxidation-induced self-assembly. However, the presence meso (2–50 nm) to macro 

(> 50 nm) porous network with a wide range of pore diameters is clearly visible in all aerogel 

samples. 

 

Figure 3.10: Representative SEM images of opaque (A) Ag aerogels and (B) xerogels assembled 

from 24.1±4.5 nm outer diameter Ag NSs. Inset in (A) shows the high resolution SEM image 

depicting the inter-connected network of Ag hollow particles. 

(A) (B) 
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Figure 3.11: TEM images of the aerogels assembled from (A) 24.1 ± 4.5 nm, (B) 46.2 ± 5.4 nm, 

(C) 55.1 ± 6.5 nm, and (D) 60.1 ± 7.6 nm outer diameter Ag NSs. TEM images of the (E) 

xerogels and (F) aerogels derived from 24.1 ± 4.5 nm outer diameter NSs and transparent 

hydrogels, respectively. The inset in F shows the magnified image of the sample F. The dark 

contrast areas in A-F represent multiple layers of particles depicting the 3-dimensional 

connectivity of Ag NSs. 

 

As discussed above, if a large excess of oxidant is used in the self-assembly process, 

optically transparent Ag gel materials can be produced (Figure 3.5). TEM analyses of the 

corresponding aerogels exhibit significantly smaller (3.2-7.6 nm) NPs that are 3-dimensionally 

linked together to produce pearl necklace aggregates (Figure 3.11F and Figure 3.13). It is likely 

that the precursor NSs are no longer stable as hollows in the transparent hydrogels hence, can 

(B) (C) 

(D) 

(A) 

(E) (F) 
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breakup into significantly smaller NPs (3.2-7.6 nm) in the presence of excessive oxidant (X >7.7). 

It was revealed that the oxidative removal of glutathione generates HNO3 acid as a byproduct 

resulting in a slightly acidic Ag sol (Equation 3.3). The in-situ generated HNO3 is likely to etch 

the larger Ag hollows into significantly smaller NPs yielding transparent Ag hydrogels (Figure 

3.5). Relatively slower condensation rate observed in the formation of transparent hydrogels is 

likely caused by the slower etching rate of Ag by in-situ generated HNO3 acid. Previously, it has 

been reported that the transparent chalcogenide gel materials can be produced when the size of 

NP aggregates falls below the wavelength of visible light.86,87,155,156 Brock et al. have extensively 

studied the gelation kinetics of CdSe NPs and concluded that the smaller NPs can undergo 

reaction limited colloidal aggregation resulting in aggregates that are smaller than the 

wavelength of visible light, leading to optical transparency.155 Whereas, with larger NPs, the 

aggregates formed at the gelation point are much larger than the wavelength of visible light, 

resulting in increased scattering and opacity. Likewise, the Ag hydrogels assembled from larger 

hollows (~24-60 nm) exhibit opaque gel materials while the smaller NP building blocks (~3.2-

7.6 nm) can potentially result in transparent Ag gel materials.  

 

Figure 3.12: Representative TEM images of the opaque Ag aerogels assembled from of 46.2 ± 

5.4 nm outer diameter Ag NSs. The oxidant/thiolate molar ratio is 1.65. 
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Figure 3.13: Representative TEM images of the Ag aerogel prepared from transparent hydrogels 

produced via self-assembly of 24.1 ± 4.5 nm outer diameter Ag NSs. The oxidant/thiolate molar 

ratio is 7.7. 

The low-density, highly porous structure of the metallic Ag aerogels is further reflected in 

the surface area and porosimetry plots modeled from the nitrogen adsorption/desorption 

isotherms (Figure 3.14). Both transparent and opaque Ag aerogels exhibit similar-shaped 

isotherms that can be classified as a type IV curve, characteristic of a mesoporous (2-50 nm) 

material with a sharp upturn in the high-relative-pressure region that corresponds to a type II 

curve indicating the capillary condensation and some degree of macroporosity (>50 nm).143,144 

The shapes of the hysteresis loops of all samples reveal a combination of H1 and H3 character 

suggesting the presence of cylindrical-shaped and slit-shaped pores, respectively.144 The surface 

area calculated based on Brunauer-Emmett-Teller (BET) model is in the range of 43-160 m2/g 

(~4.7-17.2 x 103 m2/mol) for opaque aerogels whereas the aerogels produced from transparent 

hydrogels exhibit a slightly higher surface area (175-182 m2/g or 18.9-19.7 x 103 m2/mol), which 

is consistent with the significantly smaller NPs present in the transparent Ag gel frameworks 

(Figure 3.11F). In general, a systematic decrease in surface area with increasing outer diameter 

and shell thickness of precursor NSs is observed for AG I through AG III samples (Table 3.2). In 
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contrast, the hollow Ag NSs are significantly less porous and exhibit BET surface areas in the 

range of 3.1-7.6 m2/g (~334-821 m2/mol). The enormously high surface areas obtained for Ag 

aerogels in comparison to precursor NSs can be attributed to low-density highly porous 

architecture of the aerogel framework, which provides the superior accessibility of chemical 

species to inner and outer surfaces of the hollows, offering new perspectives for future 

applications.  

 

Figure 3.14: Nitrogen adsorption/desorption isotherms of precursor Ag NSs (blue) and 

corresponding aerogels (red) assembled from (A) 24.1 ± 4.5, (B) 46.2 ± 5.4, (C) 55.1 ± 6.5 nm 
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outer diameter Ag NSs and (D) the aerogels produced from transparent hydrogels. Respective 

BJH pore distribution plots of Ag NSs (blue) and aerogels (red) are shown as insets. 

The average pore diameters and cumulative pore volumes of the Ag aerogels were obtained 

from the desorption branches of the nitrogen adsorption/desorption isotherms using Barrett-

Joyner-Halenda (BJH) model. As a comparable study, pore size distribution plots of precursor 

NSs were also modeled using the respective isotherms. The pore distribution analyses (Figure 

3.14A-D insets) of transparent and opaque Ag aerogels exhibit a broad range of pore sizes, 

extending from the meso-to-macro-pore region, yielding average diameters in range of 10.3-21.3 

nm (Table 3.2). Interestingly, the opaque Ag aerogels retaining the hollow morphology of 

precursor NSs exhibit two distinct pore distributions in the mesoporous (2-50 nm) region. For 

instance, the aerogels assembled from 24.1±4.5 nm outer diameter NSs demonstrate a narrow 

pore distribution centered at ~7 nm and a much broader pore distribution ranging from 15-50 nm 

(Figure 3.14A inset). In contrast, precursor NSs exhibit a single pore distribution centered at ~8 

nm, which is likely to arise from the hollow cavity of the particles. Accordingly, the narrow pore 

distribution centered at ~7 nm of the aerogel product can be attributed to hollow interior of the 

precursor NSs whereas the latter distribution reflects the continuous meso-to-macro-pore 

network created by the 3-dimensional assembly of Ag NSs. The relative area under those two 

distributions represents the contribution from each towards the cumulative pore volume and the 

gel framework assembled from 24.1 ± 4.5 nm Ag NSs exhibits ~17% and ~83% contribution 

from NS pores and network pores, respectively. Similar pore distributions were obtained for 

aerogels assembled from 46.2 ± 5.4 and 55.1 ± 6.5 nm outer diameter NSs as they retain the 

hollow morphology of the nano-sized constituents (Figure 3.14B and C). Therefore, unlike the 

traditional metal oxide or the dense NP based gel materials, the metallic aerogels reported in this 
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study are unique nanoarchitectures that can exhibit tunable surface areas and porosities even 

within a traditionally non-ordered superstructure. This unique pore size tunability can in 

principle be useful in the selective analysis of chemical species as a function of the inner 

diameter of the NSs, which can potentially create customized gel frameworks for future catalytic 

and sensing applications. In contrast, the aerogels constructed from 60.1 ± 7.6 nm outer diameter 

Ag NSs (Figure 3.15) and the transparent Ag hydrogels (Figure 3.14D) exhibit a single pore 

distribution that corresponds to network pores owing to lack of hollow particles in the 

corresponding gel structures. 

 

Figure 3.15: Nitrogen adsorption/desorption isotherm of the Ag aerogels assembled from 

60.1 ± 7.6 nm outer diameter Ag NSs. The corresponding BJH pore size distribution plot is 

shown as an inset. The aerogels were degassed at 50�C for 24 h. prior to the analysis. 
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3.4 Conclusion 

 In conclusion, we have successfully synthesized different sizes and shell thicknesses of 

the Ag hollow NPs with tunable SPR from 470 nm to 570 nm. Due to the existence of 

coordinating ligand glutathione, the Ag hollow NPs solution can be concentrated using 

centrifuge filters to yield high-concentrated sols. With the introduction of the oxidizing agent, 

tetranitromethane, glutathione functionality can be removed from the surface as disulfides, 

leaving active spots on the Ag hollow NPs surface to build direct cross-linking between NPs. By 

changing the oxidant/thiolate ratio, the morphology, opacity, surface area and porosity of the 

aerogel were tuned. The resultant aerogels exhibit pearl necklace morphology of the base-

catalyzed silica aerogel, and interconnect meso-to-macro porous structures offering new 

perspectives for functional applications. More importantly, as prepared opaque Ag aerogels 

porosity of the opaque aerogel can be partially tuned through using different inner diameter of 

the precursor hollow NPs. These unique properties of the Ag hydro/aerogels make them 

attractive for potential use in electrocatalysis, chemical sensing applications.   
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Chapter 4: Direct Cross-Linking of Au/Ag Alloy Nanoparticles into Monolithic 

Aerogels for Application in Surface Enhanced Raman Scattering 

4.1 Introduction 

Noble metal alloy NPs with unique catalytic activity, plasmonic tunability, and increased 

surface reactivity have gained noteworthy interest due to their enormous potential in advanced 

technologies. Among these applications, SERS has been a surface-sensitive technique that 

enhances Raman scattering by molecules adsorbed on the metal substrate. The extent of SERS 

enhancement generally depends on the nanoscale characteristics of the plasmonic substrates such 

as morphology, size, and degree of colloidal aggregation. Although extremely high SERS effects 

with single molecule detection have been reported for periodic arrays of Ag NPs, self-organized 

Au and Ag NPs in solution, and nanoporous metal foams, reliable substrates with uniform and 

reproducible SERS effects are yet to be developed for practical applications. Wang’s group 

reported that the fractal NP aggregates are efficient materials to generate high electromagnetic 

fields and greater SERS effects, whereas a number of other studies suggest the highly porous, 

rough metallic surfaces have the potential to offer optimal SERS effects. Therefore, assembling 

Au and Ag together into porous NP aggregates can potentially increase the SERS effects. Since 

the oxidative sol-gel assembly of Ag hollow NPs has offered a promising approach for producing 

Ag aerogel, further expansion this technique to make Au/Ag alloy aerogel as the SERS substrate 

may be better for SERS application and more cost effective. In this case, alloying Au with the 

Ag hollow NPs and assemble them into aerogels with directly cross-linked NPs can exhibit 

mesoporous and rough metallic surfaces, which enable rapid diffusion of analytes to plasmonic 

hot-spots and stronger SERS intensities can be observed.  
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In this chapter, three distinct morphologies of Au/Ag alloy NPs and hollow NPs has been 

synthesized with Ag hollow NPs as sacrificial template. In addition, three different morphologies 

of Au/Ag alloy aerogels via oxidative self-assembly of the corresponding NPs were also 

reported. The resultant aerogels exhibit high surface areas, low densities and tunable pore size 

distribution. The SERS activity of alloy aerogels is studied using Rhodamine 101 (Rd 101) as the 

probe molecule and significant signal enhancement is achieved. The aerogels’ physical and 

chemical properties, as well as SERS performance are thoroughly discussed.  

 

4.2 Experimental Section 

Materials 

Silver nitrate (99.9%) and sodium borohydride (98%) were purchased from Strem 

Chemicals. Hydrogen tetrachloroaurate (III), tetranitromethane (C(NO2)4) and L-glutathione 

(GSH) reduced (98%) were purchased from Sigma-Aldrich. Ascorbic acid (98%), Rhodamine 

101 inner salt (99%), sodium hydroxide (ACS grade), ethanol (ACS grade) and acetone (ACS 

grade) were purchased from Fisher. The water used in all syntheses was 18.2 MΩ Milli-Q 

filtered. All chemicals were used as received without further purification. 

Synthesis of Ag Hollow NPs 

Size and shape controlled Ag hollow NPs were prepared by following a literature synthetic 

method.157 Briefly, 50 mL of Milli-Q filtered water was added to a 250 mL round bottom flask 

and kept in an ice-water bath. To this solution, 1 mL of 10 mM AgNO3 and 100 μL of 10 mM 

GSH were added, followed by the addition of 10 mL of 0.1 M NaOH with vigorous stirring. 

After 2 min, a freshly prepared NaBH4 solution (3.6 mL, 10 mM) was swiftly injected to produce 

Ag hollow NPs. The resulting mixture was stirred at room temperature for 30 min and used for 
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subsequent GRRs. The Ag hollow NPs with different outer diameters and wall thickness were 

produced by varying the AgNO3: GSH molar ratio as reported in the literature.31 

Synthesis of Au/Ag Alloy NPs  

The Au/Ag hollow NPs were prepared by GRRs of the as-synthesized Ag hollow NPs with 

hydrogen tetrachloroaurate (III). In a typical synthesis, a solution of ascorbic acid (200 μL, 10 

mM) was mixed with the Ag hollow NP solution and appropriate volumes of 0.5 mM HAuCl4 

were injected at a rate of 1 mL min-1, which were 7.00 mL, 11.00 mL, and 14.00 mL to produce 

Au/Ag alloy NP I, II, and III, respectively. The resulting solutions were stirred slowly for 30 min 

during which a color change from orange-brown to pink or purple-blue was noted, indicating the 

growth of Au/Ag alloy NPs.  

Preparation of Concentrated Colloidal Sols of Au/Ag NPs 

The concentrated Au/Ag NP sols were produced by employing the centrifugal filtration 

technique and Sartorius Vivaspin centrifuge filters (MWCO 300,000). Typically, the centrifuge 

filters were filled with 20 mL of the as-prepared NP sol and centrifuged at 3500 rpm for 10 min 

to remove excess water and ionic byproducts. This process was continued multiple times to 

reduce the total volume of NP sol from ~600 mL to 8 mL to produce a concentrated (10 mM) 

Au/Ag sol. 

Preparation of Au/Ag Alloy Hydrogels and Aerogels  

As-prepared Au/Ag sol was divided into 2 mL aliquots and 50 L of 1% C(NO2)4 was added 

to each aliquot. The resulting mixtures were kept in the dark after vigorous shaking. The gradual 

condensation of the NP sols into solvent swollen, opaque hydrogels was noted within 4-6 h. The 

resulting hydrogels were washed with acetone multiple times to remove the byproducts of 

oxidation and unreacted C(NO2)4. The CO2 supercritical drying was employed to produce Au/Ag 
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alloy aerogels. In a typical drying process, the acetone exchanged gels were loaded into the 

supercritical dryer and exchanged with liquid CO2 at 15 °C. Finally, the temperature and pressure 

of the system were raised to 40 °C and 1200 psi for 20 min. to produce Au/Ag alloy aerogels. 

 

4.3 Results and Discussion 

Recently, our group reported the synthesis of size and shape controlled Ag hollow NPs that 

exhibit tunable inner and outer diameters, wall thicknesses, and surface Plasmon resonances 

(SPR) via fast chemical reduction of preformed Ag2O NPs.157 The precursor Ag2O NPs were 

produced by a reaction of AgNO3 with NaOH in the presence of GSH surfactant. The rapid 

reduction of Ag2O NPs yields hollow Ag nanostructures via Kirkendall effect in which the 

differences in diffusion rates of Ag2O (outward, fast) and NaBH4 (inward, slow) result in the 

depletion of matter in the particle interior.104,158 Since there are no reports on the synthesis of 

Au/Ag alloys by employing sacrificial hollow templates, initial efforts were focused on the 

investigation of Au/Ag alloy nanostructures that can be produced via galvanic replacement of the 

hollow Ag NPs. It has been reported that the size dispersity and morphology of Ag NP 

precursors influence the morphology of alloy nanostructures produced via GRRs.159 

Accordingly, hollow Ag NPs with three distinct inner and outer diameters and wall thicknesses 

were employed in the GRRs. As-prepared Ag templates exhibit outer diameters of 38.2 ± 9.1, 

46.2 ± 5.4, 55.1 ± 6.5 nm, wall thicknesses of 5.8 ± 0.9, 9.1 ± 1.2, 10.4 ± 1.4 nm, and SPR 

maxima at 480, 500, 510 nm, respectively (Figure 4.1). These NPs were allowed to react with 

HAuCl4 in the presence of a co-reductant (ascorbic acid) to facilitate the growth of Au/Ag alloy 

NPs.160,161 Although the larger difference in reduction potentials of Au3+ and Ag+ allows the 

galvanic replacement under ambient conditions, the presence of ascorbic acid is expected to 
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facilitate the alloying process and control the size-dispersity of alloy NPs. It was noted that the 

production of enclosed Au/Ag alloy nanostructures is stringently depend on the outer diameter 

and wall thickness of the precursor NPs. If GRRs were performed on the larger hollows with 

outer diameter of 55.1 ± 6.5 nm and wall thickness of 10.4 ± 1.4 nm, the template broke apart 

and a wide dispersity of Au/Ag alloy nanostructures (2-30 nm) were obtained (Figure 4.2). The 

smallest Ag hollow NPs, with outer diameter of 38.2 ± 9.1 nm and wall thickness of 5.8 ± 0.9 

nm, retained an enclosed hollow structure. However, the resultant Au/Ag alloys exhibit a wider 

dispersity of aggregated NPs (Figure 4.2). Therefore, to produce enclosed Au/Ag alloy 

nanostructures with narrower size dispersity, the precursor Ag hollow NPs with 46.2 ± 5.4 nm 

outer diameter and 9.1 ± 1.2 nm wall thickness were employed in the GRRs. It should be noted 

that the unreacted NaBH4 must be decomposed prior to GRRs; otherwise HAuCl4 will be 

inadvertently reduced by residual NaBH4 to produce a heterogeneous mixture of Au and Ag NPs.  
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Figure 4.1: Representative TEM images of the Ag hollow NPs with average outer diameters of 

(A) 38.2 ± 9.1, (B) 46.2 ± 5.4, and (C) 55.1 ± 6.5 nm, displaying (D) surface Plasmon resonance 

maxima at (a) 480, (b) 500, and (c) 510 nm, respectively. 
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Figure 4.2: Low resolution TEM images of Au/Ag alloy NPs produced via galvanic 

displacement of Ag hollow NPs with (A) 38.2 ± 9.1 nm and (B) 55.1 ± 6.5 nm outer diameters 

and 5.8 ± 0.9 nm and 10.4 ± 1.4 nm wall thickness, respectively. TEM images of resultant 

Au/Ag alloy NPs are shown in (C) and (D), respectively.  

 

The optical properties of Au and Ag NPs are governed by the morphology and composition. It 

has been reported that SPR of the Au103 and Ag157 hollow NPs can be tuned over a wide spectral 

region (550-820 and 480-570 nm, respectively) by varying the outer diameter and wall thickness. 

Similarly, the Au/Ag alloy NPs exhibit composition dependent plasmonic absorption in the 

visible spectrum.162 Therefore, we have systematically studied the morphological and optical 

evolution of Au/Ag alloy nanostructures as a function of the molar ratio of Au: Ag (m value) 

employed in the GRRs. In this study, alloy NPs were produced starting with m = 0.14 and the 
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physical properties were investigated up to m = 0.72 (Figure 4.3). It was revealed that the 

synthesis of Au/Ag hollow NPs, retaining the original morphology of Ag templates, can be 

achieved up to m = 0.35 with minimum or no alterations to outer diameter and wall thickness 

(Figure 4.4B and Table 4.1). The STEM-EDS elemental maps of the resultant Au/Ag hollow 

NPs indicate the homogeneous solid solution behavior (Figure 4.5). Notably, upon further 

increasing the m value (0.35 < m < 0.56), Au/Ag hollow NPs surface decorated with smaller Au 

NPs (2-5 nm) were obtained, likely due to heterogeneous nucleation of the Au3+ on the Au/Ag 

hollow NPs (Figure 4.4C).115 The STEM-EDS elemental maps of the reaction product indicate 

the presence of Au and Ag throughout the hollow structure; however the smaller NPs are 

appeared to be rich in Au (Figure 4.6). The number of smaller NPs increases with increasing m, 

likely due to increased heterogeneous nucleation. Interestingly, when m is further increased to 

0.72, the template broke apart resulting in significantly smaller (3-10 nm) Au/Ag alloy NPs 

(Figure 4.4D and Figure 4.7). These morphological changes of alloy nanostructures are 

accompanied by a red shift in SPR maxima from 500-540 nm (Figure 4.8).27, 31, 163, 164 Therefore, 

the size, shape, and composition of Au/Ag hollow NPs and consequently the plasmonic 

absorption can be tuned by varying the morphology of hollow Ag template and/or the m value 

employed in the GRRs.  
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Figure 4.3: Low resolution TEM images of Au/Ag alloy NPs produced with m value of (A) 0, (B) 

0.14, (C) 0.28, (D) 0.35, (E) 0.42, (F) 0.49, (G) 0.56, (H) 0.63, and (I) 0.72. The precursor Ag 

templates exhibit an average outer diameter of 46.2 ± 5.4 nm and wall thickness of 9.1 ± 1.2 nm. 

The Au/Ag hollow NPs completely break apart into significantly smaller alloy NPs when m > 

0.72. 
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Figure 4.4: TEM images of the (A) precursor Ag hollow NPs that exhibit 46.2 ± 5.4 nm average 

outer diameter and 9.1 ±1.2 nm shell thickness along with (B) Au/Ag alloy I, (C) II and (D) III 

produced via galvanic replacement with m = 0.35, 0.56, and 0.72, respectively.  

(A) (B) 

(D) (C) 
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Figure 4.5: (A) TEM image of Au/Ag alloy I along with STEM-EDS elemental maps of (B) Au, 

(C) Ag, and (D) overlay of Au and Ag maps indicating the homogeneous distribution of 

elemental components throughout the nanostructure.  
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Figure 4.6: (A) STEM image of Au/Ag alloy II along with elemental maps of (B) Au, (C) Ag, 

and (D) overlay of Au and Ag maps indicating the homogeneous distribution of elemental 

components throughout the larger hollow NPs and the heterogeneous nucleation of smaller Au 

NPs. 
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(C) (D) 
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Figure 4.7: STEM-EDS elemental maps of Ag/Au alloy NP III: (A) the dark filed STEM image; 

EDS elemental maps of (B) Au and (C) Ag with (D) overlay image of Ag and Au. 

 
 

Figure 4.8: Normalized UV-Visible absorption spectra of Au/Ag alloy NPs shown in Figure 4.3 

along with the corresponding m values used in the synthesis. 
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Au/Ag alloy NPs with three distinct morphologies were employed in the sol-gel 

transformation, which were designated as alloy I, II, and III produced with m = 0.35, 0.56, 0.72, 

respectively. These alloys exhibit SPR maxima at 510, 525, and 540 nm, which are red shifted 

from that of the precursor Ag hollow NPs (Figure 4.9). For Au/Ag alloy I, the hollow NPs 

retained the spherical shape and the shell thickness is uniformly distributed around the hollow 

interior (Figure 4.4B). This suggests that the oxidation of Ag template initiated uniformly over 

the entire shell of the particle. However, a significant increase in full width at half maximum 

(FWHM = 112 nm) due to changes in the composition is noted, which is consistent with previous 

reports on Au/Ag alloy NPs.165, 166 For Au/Ag alloy II, the smaller Au NPs, decorated on the 

larger hollow NPs, caused a further red shift in plasmonic maximum to 525 nm and a slight 

increase in broadness (FWHM = 147 nm). It is possible that the smaller NPs decorated on the 

surface act as plasmonic antenna resulting in broadening of the SPR.167,168 For Au/Ag alloy III, 

hollow Ag templates completely broke apart into smaller, polydisperse, and asymmetrical NPs. 

The subsequent SPR maximum is 540 nm and the FWHM has increased to 178 nm, which is 

consistent with previous reports on Au/Ag alloy nanostructures.31,165,169  

 

Scheme 4.1: A Schematic illustration of the oxidation-induced self-assembly of Au/Ag alloy 

NPs into monolithic aerogels for application in surface enhanced Raman scattering. 
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As-prepared alloy NPs were purified and concentrated by excessive washing with ultrapure 

water, followed by centrifuge filtration to remove ionic byproducts (Na+, Cl- and BO2-)157 of the 

synthesis. The gelation was induced by addition of 100 µL of 1 % C(NO2)4 to 2 mL of 10 mM 

Au/Ag sol. The addition of C(NO2)4 facilitates the oxidation of surface thiolate (GSH) to 

sulfenyl nitrates (GS-NO2) and disulfides (GS-SG), creating low coordinated active sites on the 

NP surface (eqn. 1 and 2).149 The formed active sites are highly reactive allowing direct 

interfacial linkages resulting in NP condensation to macroscopic hydrogels (Scheme 1 and 

Figure 4.9).170 Upon gelation, the hydrogels were loaded into microporous capsules and dried 

with supercritical CO2 to produce Au/Ag alloy aerogels. The resultant aerogels appear black and 

exhibit ~5-10% volume loss compared to precursor hydrogels. The reason for this remarkable 

contrast in color as opposed to those of bulk alloys is that the Au/Ag NPs in the aerogels are still 

acting as individual entities despite being directly cross-linked into fractal networks. In these 

individually acting building blocks, the superposition of the SPR is likely responsible for the 

black color. Accordingly, Au/Ag aerogels exhibit continuous absorption in the visible spectrum 

(Figure 4.10). The densities of as-prepared alloy aerogels are 0.051-0.055 g/cm-3, representing 

~0.5% of those of the corresponding Au/Ag bulk alloys (11.5-13.6 g/cm-3).  

	→  						 1  

GSH GSNO 	→ GS SG NO H 																			 2  

3HNO 	→ HNO 2NO 	H O																																	 3  
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 Figure 4.9: Photographs illustrating the transformation of Au/Ag NP sol into a hydrogel as a 

function of time: (a) concentered Au/Ag sol, (b) hydrogel produced 2 h after oxidation of surface 

thiolates, along with the gel aged for (c) 3 h, (d) 4 h, (e) 5 h, and (f) 6 h.  

 

 

 

 

  

(a) (f) (e) (d) (c) (b) 
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Table 4.1 Crystallite Sizes, Wall Thicknesses, Particle Sizes, Elemental Compositions, and 

Wavelengths of the SPR Maxima of Au/Ag Alloy NPs along with the Densities, Surface Areas, 

Average Pore Diameters and Cumulative Pore Volumes of Au/Ag Alloy Aerogels produced via 

Oxidation-Induced Self-Assembly. 

 

aCrystallite sizes were calculated by applying the Scherrer equation to (111), (220), (311) 

reflections of the PXRD patterns. bAverage wall thicknesses and outer diameters were obtained 

Sample Precursor NPs Au/Ag Aerogels 

 Ag Hollow 
NPs 

Au/Ag 
Alloy I 

Au/Ag 
Alloy II 

Au/Ag 
Alloy III 

Aerogel I Aerogel II Aerogel III 

Crystallite size 
(nm)a 

19.0 ± 0.2 17.8 ± 0.2 14.5 ± 0.2 16.72 ± 0.2 11.1  ± 0.2 4.5 ± 0.2 4.2 ± 0.2 

Wall thickness 
(nm)b 

9.1 ± 1.2 8.9 ± 1.8 8.7 ± 1.1 N/A 5.9 ± 1.2 6.7 ± 1.5 N/A 

Average outer 
diameter (nm)b 

46.2 ± 5.4 45.1 ± 3.6 44.0 ± 5.5 6.1 ± 1.8 40.8 ± 6.1 44.5 ± 4.3 11.5 ± 3.2 

Composition 

by SEM/EDSc 

Ag 85.2% 

S   14.8% 

Ag 53.7% 

Au 30.4% 

S 15.9% 

Ag 53.5% 

Au 32.3% 

S 14.2% 

Ag 46.7% 

Au 41.1% 

S 12.2% 

Ag 41.4% 

Au 53.5% 

S 5.1% 

Ag 41.6% 

Au 53.7% 

S 4.7% 

Ag 46.6% 

Au 49.5% 

S 3.9% 

ICP-MSc,d  Ag 60.8% 

Au 39.2%  

Ag 63.5% 

Au 36.5% 

Ag 64.8% 

Au 35.2% 

Ag 44.2% 

Au 55.8% 

Ag 37.4% 

Au 62.6% 

Ag 48.3% 

Au 51.7% 

SPR maxima 
(nm) 

500 510 525 565 N/A N/A N/A 

Density 
(g/cm3) 

N/A N/A N/A N/A 0.051 0.055 0.052 

Surface area 
(m2/g)e 

N/A N/A N/A N/A 67 71 73 

Molar surface 
area (m2/mol)f 

N/A N/A N/A N/A 10.59 x 103 11.22 x 103 11.17 x 103 

Average pore 
width (nm)e 

N/A N/A N/A N/A 14.8 14.7 15.5 

Cumulative 
pore volumes 
(cm3/g)e 

N/A N/A N/A N/A 0.29 0.31 0.34 
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by TEM analysis of 120-150 NPs per each sample and from 3-5 individually prepared samples. 

cElemental compositions were obtained via multiple analysis of individually prepared samples 

and the average values are presented. dAtomic percentages of Au and Ag were obtained by ICP-

MS analysis with an average of 3-5 individual measurements. eSurface areas were computed by 

fitting the BET model to nitrogen adsorption/desorption isotherms whereas the average pore 

diameters and cumulative pore volumes were computed by applying the BJH model. fMolar 

surface areas were computed using molar mass of the alloy aerogels on the basis of atomic 

composition. 

 

 

Figure 4.10: Solid state absorption spectra of Au/Ag aerogel (a) I, (b) II, and (c) III. 

 

Low resolution TEM was employed to study the morphology of Au/Ag alloy aerogels 

(Figure 4.11). The aerogel I consists of an interconnected network of hollow NPs that exhibit 

similar dimensions to precursor NPs suggesting the retention of original morphology, upon sol-
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gel assembly (Figure 4.11 and Figure 4.12). However, a number of smaller NPs were also 

observed (< 5 %) likely due to breakup of the larger hollow NPs. A significant reduction in outer 

diameter and wall thickness is noted upon oxidative removal of surface thiolates owing to 

dealloying of Ag by in-situ generated HNO2/HNO3 acids (Table 4.1).157 In contrast, the TEM 

images of alloy aerogels II exhibit a vastly different superstructure. It was revealed that the in-

situ generated acids can breakup the larger hollow NPs into smaller alloy NPs that undergo direct 

cross-linking to produce a nanoparticulate gel framework (Figure 4.11 and Figure 4.13). 

Interestingly, a large number of unbroken hollow NPs are randomly distributed throughout the 

nanoparticulate gel matrix. Conversely, the TEM images of aerogel III indicate a highly 

branched wire-like morphology with typical thickness of 11.5 ± 3.2 nm (Figure 4.11 and Figure 

4.14). This nanostructure does not exhibit individual NPs well separated from each other but 

rather a complex fused assembly (Figure 4.11F). A similar morphology is reported for Au-Ag 

and Pt-Ag heterogeneous NP based aerogels produced via chemical oxidation of the citrate 

stabilized Au, Ag, and Pt NPs.91,171 Despite significant differences in gel morphology, the TEM 

images of the alloy aerogels indicate the highly porous nature of the materials, consisting of a 

large number of mesopores (2–50 nm) and macropores (˃50 nm) throughout the superstructures 

(Figure 4.11 and Figure 4.15).  
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Figure 4.11: Low resolution TEM images of Au/Ag alloy aerogel (A) I, (B) II, and (C) III along 

with magnified electron micrographs of the aerogel (D) I, (E) II, and (F) III. 
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Figure 4.12: STEM-EDS elemental maps of Ag/Au alloy aerogel I: (A) the dark filed STEM 

image; EDS elemental maps of (B) Au and (C) Ag with (D) overlay image of Ag and Au. 
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Figure 4.13: STEM-EDS elemental maps of Ag/Au alloy aerogel II: (A) the dark filed STEM 

image; EDS elemental maps of (B) Au and (C) Ag with (D) overlay image of Ag and Au. 
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Figure 4.14: STEM-EDS elemental maps of Ag/Au alloy aerogels III: (A) the dark filed STEM 

image; EDS elemental maps of (B) Au and (C) Ag with (D) overlay image of Ag and Au. 
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Figure 4.15: Dark field STEM images of Au/Ag aerogel [A] I, [B] II, and [C] III. The magnified 

STEM images [D-F] are used to demonstrate the interparticle gaps in the aerogel framework.   
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The powder diffraction patterns of Ag hollow NPs, Au/Ag alloy NPs, and corresponding 

aerogels were recorded to study the structural evolution of materials upon GRRs and oxidative-

assembly. The diffraction patterns of Au/Ag precursor NPs and aerogels are consistent with the 

cubic Ag phase (PDF # Ag 01-0870-719) and exhibit a slight shift towards larger 2θ angles 

owing to the growth of homogeneous alloys (Figure 4.16). The diffraction peaks corresponding 

to AgCl or any other crystalline impurities were not detected suggesting that the as-synthesized 

materials are phase pure. The average crystallite sizes of alloy NPs and aerogels were calculated 

using Scherrer equation,172 which revealed values in the range of 14.5-19.0 nm for precursor NPs 

and 4.2-11.1 nm for aerogels (Table 4.1). In general, a significant reduction in crystallite size and 

wall thickness is noted upon gelation and aerogel formation, attributed to dealloying of the Ag by 

in-situ generated HNO2/HNO3 acids that has been previously reported to etch the Ag atoms.157  

 

Figure 4.16. PXRD patterns of Au/Ag alloy NPs (a) I, (b) II, and (c) III along with Au/Ag alloy 

aerogels (d) I, (e) II, and (f) III produced via oxidation-induced self-assembly of NPs. ICDD-

PDF overlay of cubic Ag (PDF # 01-0870-719) is shown as vertical lines. 
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Nitrogen adsorption-desorption isotherms of Au/Ag alloy aerogels were recorded to 

investigate the surface area and porosity of the materials. The typical isotherms of Au/Ag 

aerogels are shown in Figure 4.17 corresponding to type IV curves suggesting the mesoporous 

(2-50 nm) nature of the superstructures.143,144 The sharp upturn in the high-relative-pressure 

region is consistent with a type II curve indicating some degree of macroporosity (>50 nm) in the 

gel materials. The shapes of hysteresis loops reveal a combination of H1 and H3 character,144 

indicating that both slit-shaped and cylindrical-shaped pores are present in the gel material. The 

BET modeled surface areas determined from adsorption/desorption isotherms are 67, 71, and 73 

m2/g for Au/Ag alloy aerogel I, II, and III, respectively. An interesting observation is that similar 

surface areas were obtained for aerogels assembled from larger hollow NPs (aerogel I, 40.8 ± 6.1 

nm) and smaller solid NPs (aerogel III, 11.5 ± 3.2 nm). Such comparable surfaces were achieved 

due to accessibility of molecules to both inner and outer surfaces of the hollow NPs in aerogel I, 

which maximizes the available surface.112,157 The surface areas obtained for Au/Ag alloy 

aerogels I through III are considerably higher than previous reports on Au/Ag aerogels (~42 

m2/g)112 produced via salt mediated self-assembly and Au-Ag heterogeneous nanoparticulate 

aerogels (~48 m2/g),91 suggesting significant potential in chemical sensor and catalytic 

technologies. 

The pore size distributions and cumulative pore volumes of Au/Ag alloy aerogels were 

investigated by applying the BJH model to the desorption branches of N2 adsorption/desorption 

isotherms. Interestingly, a bi-modal pore distribution plot was achieved for alloy aerogel I: a 

narrow distribution centered at ~8 nm and a broader distribution centered at ~30 nm. In contrast, 

the precursor NPs I exhibit a single pore distribution at ~7 nm, corresponding to inner diameter 

of the hollow NPs (4.18). Therefore, the narrow pore distribution at ~8 nm is likely originated 
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from hollow interior of the alloy NP I that retains its morphology, suggesting that small 

molecules can penetrate through nanoshells into hollow interior of the particles. The latter 

distribution centered at ~30 nm corresponds to meso-to-macro pore network buildup by the 3-

dimensional gel framework, which is clearly observed in TEM images (Figure 4.11).  On the 

contrary, aerogels II and III exhibit unimodal pore size distributions reminiscent of network 

pores, suggesting the presence of minimum (aerogel II) or no (aerogels III) hollow NPs in 

corresponding superstructures. Collectively, the surface area and pore size distribution analyses 

revealed the perforated nature of the larger hollow NPs, making them of great interest for 

customized chemical sensor and catalytic applications. 
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Figure 4.17: Nitrogen adsorption (blue) desorption (red) isotherms of Au/Ag alloy aerogel (A) I, 

(B) II, and (C) III. The corresponding BJH model pore distribution plots are shown as insets. 
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Figure 4.18: Nitrogen absorption/desorption isotherm of Au/Ag alloy NP I along with the 

corresponding BJH modeled pore size distribution plot (Inset). BET surface area = 7.13 m2/g, 

average pore diameter = 7.5 nm, and cumulative pore volume = 0.018 cm³/g.  

 

     The SERS properties of Au/Ag aerogels were investigated by employing Rd 101 as a probe 

molecule. The SERS spectra of Rd 101 (1 µM) in the presence of Au/Ag alloy NPs and 

corresponding aerogels are shown in Figure 4.19. The strong to medium Raman bands observed 

at 1229, 1347, 1504, and 1645 cm-1 are assigned to the C-O-C stretch, C-H scissoring, C-N 

stretch, and xanthene ring stretch of Rd 101, respectively.173 It has been reported that Ag NPs are 

promising SERS substrates whereas Au and Au/Ag alloy NPs tend to exhibit much lower signal 

enhancement partly due to the differences in plasmonic properties.174, 175 In the current study, we 
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compare the structural properties of the Au/Ag alloy NPs and aerogels to better understand the 

effects of oxidative self-assembly and mesoporous gel morphology on SERS properties. The NP 

measurements were done by mixing Rd 101 into concentrated colloidal sols and placing a drop 

on an aluminum pan to dry or by drop casting the dye solutions onto dried NP precipitates. Both 

sample preparation methods resulted in similar signal intensities. During a typical measurement 

average signal intensities of 47.5 ± 6.4, 59.0 ± 29.3, and 57.8 ± 18.8 were attained at 1645 cm-1
 

for NP I, II, and III, respectively. In contrast, no signal was acquired from 1 µM Rd 101 drop 

casted on Al substrates (Figure 4.20). The aerogel samples were dispersed in solutions of Rd 101 

(1 µM - 1 nM) and placed on an aluminum pan to dry, prior to signal acquisition. The average 

signal intensities attained for Au/Ag alloy aerogels I, II and III are 946.2 ± 395.7, 2231.3 ± 

1079.7, and 474.7 ± 203.3, respectively for the peak at 1645 cm-1.176,177 The intensity histograms 

at 1504 cm-1 and 1645 cm-1
 obtained from different locations of multiple individually prepared 

samples are shown in Figure 4.21. This data suggest that the mesoporous gel morphology plays a 

clear role in improving the signal over that of the dried NP precipitates. There are two possible 

factors for the observed improvements in signal intensity. First, the amount of plasmonic 

particles hit by the laser during a given scan can vary drastically when comparing a relatively flat 

precipitate of NPs vs. the rough surface of the aerogels. The aerogel materials are known to 

exhibit more hills and valleys in the nanoscale in comparison to condensed NP precipitates.112,157 

Second, the aerogels exhibit interparticle crevices that can potentially generate a large number of 

plasmonic hot spots leading to higher signal enhancement. In general, the aerogel II exhibits 

signal intensities that are 2-5 times higher than aerogel I and III owing to more interparticle gaps 

observed in a mixed gel framework (Figure 4.15). The large standard deviations attained for 

SERS intensities are likely due to the inherent randomness of the non-ordered superstructures. 
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However, an optimized aerogel III demonstrates signal enhancement down to 1 nM level 

whereas a significant reduction in signal intensity is observed from 1 nM to 1 pM level. Further 

studies, beyond the scope of this work, are underway to improve the microstructural properties of 

aerogels to achieve better signal enhancement and improved sensitivity of molecular detection. 
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Figure 4.19: Surface enhanced Raman scattering spectra of Au/Ag alloy NP (a) I, (b) II, and (c) 

III along with corresponding Au/Ag alloy aerogel (d) I, (e) II, and (f) III. For better 

representation, the SERS spectra of Au/Ag alloy NPs (I-III) were multiplied by a common factor 

of two.  
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Figure 4.20 Raman spectra of (a) Rd 101 (1x 10-6 M) with no SERS substrate. Au/Ag aerogel III 

with different concentrations of Rd 101: (b) 1x 10-9 M, (c) 1 x 10-7 M, (d) 1 x 10-6 M. 
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Figure 4.21: Intensity histograms of Rhodamine 101 (1 µM) in Au/Ag alloy aerogel (a) I, (b) II, 

and (c) III at 1504 cm-1 along with Au/Ag alloy aerogel (d) I, (e) II, and (f) III at 1648 cm-1. 

Intensity histograms of Rd 101 (1 �M)  in Au/Ag alloy NP (g) I, (h) II, and (i) III at 1504 cm-1 

along with Au/Ag alloy NP (j) I, (k) II, and (l) III at 1648 cm-1. 
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4.4 Conclusion 

In summary, we have successfully synthesized Au/Ag alloy NPs and hollow NPs with 

distinct morphologies and transformed them into self-supported, high porous aerogels. Ag 

hollow NPs was used as template for alloying Au under galvanic replacement reaction onto the 

surface to produce Au/Ag alloy NPs. With changing the Au: Ag molar ratio, different 

morphologies of the alloy nanostructures has been achieved and systematically studied. The 

Au/Ag alloy NPs and hollow NPs solutions were concentrated using centrifuge filter technique 

for preparation of highly concentrated sol. With similar sol-gel process of the Ag hollow NPs, 

the Au/Ag alloy NPs and hollow NPs also have been successfully transformed into hydrogels 

with the use of tetranitromethane. The resultant Au/Ag alloy aerogels with high surface area, low 

density and distinct morphologies were used as SERS substrate. The SERS spectra displays 

significant enhancement compared to the NPs which makes it a promising material for future 

studies.  
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Chapter 5: Sol-Gel Assembly of Ag-Pt-Au Alloy Ternary Nanoparticles into Metallic 

Aerogels with the Application on Methanol Oxidation Catalysis 

5.1 Introduction 

Noble metal NPs such as Ag, Au, Pt, and Pd has gained considerable attention in the past 

decades due to the fascinating physical properties they exhibit in the nano-scale. These NPs have 

the potential to impact on several technologies, such as catalysts,26 sensors,27 gas storage28 and 

photovoltaics.17 Among these applications, Pt-based nanomaterials are still the most effective 

catalysts for methanol oxidation reaction which can be sued in the direct methanol fuel cell.128, 

130, 178 However, the formation of CO during the catalysis process is known as a great challenge. 

Therefore, alloying Au into the Pt to form bimetallic or multimetallic catalysts has caused great 

interest.126,179 Since Au can perform as catalyst for oxidizing CO into CO2, the synergy effect of 

Au and Pt can overcome the in situ generated CO poisoning. To date, Eychmüller’s group has 

reported Pt-M (M=Pd, Co, Ni, Au) bimetallic catalysts and their improvement in the oxidation 

reduction reaction with the change of surface composition and electronic structures.110, 171, 180, 181 

Unfortunately, the durability of the cathode catalysts caused by dissolution and/or  agglomeration 

of Pt and catalyst poisoning still exist and limit the catalytic properties. Therefore, the 

development of highly porous noble metal aerogels with direct metal NP linkage, and rough 

metal surface has caused a lot of interest, since it will serve as a conducting catalyst with rapid 

diffusion of the analytes that can potentially increase the efficiency. Considering the difference 

of the standard reduction potential, Ag hollow NPs can be used as template to produce Au/Pt/Ag 

alloy NPs first and transform them into self-assembled high porous aerogel.157  
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In this chapter, we successfully produced Au/Pt/Ag, alloy hollow NPs through galvanic 

replacement reaction by scarifying Ag hollow NPs as templates. The alloy hollow NPs self-

assembled into highly porous aerogel superstructures via oxidative removal of the surface 

ligands. Furthermore, we optimized the size dispersity as well as chemical stability of the hollow 

NPs to achieve control over their physical properties. The resultant aerogels were applied as 

catalyst for the methanol oxidation reactions, and catalytic performance was discussed. 

 

5.2 Experimental Section 

Materials 

Chloroplatinic (IV) acid hexahydrate (H2PtCl4·6H2O) 99%, chloroauric (III) acid 

(HAuCl4) 99%, tetranitromethane (C(NO2)4), L-glutathione (GSH) reduced 98% and Nafion 117 

solution (~5% in a mixture of lower aliphatic alcohols and water) were purchased from Sigma-

Aldrich. Silver nitrate (AgNO3) 99.9% and sodium borohydride (NaBH4) 98% were purchased 

from Strem Chemicals. Sodium hydroxide (ACS grade), Potassium hydroxide (ACS grade), 

isopropanol (ACS grade), methanol (99.8%, Extra Dry, AcroSeal™) and acetone (ACS grade) 

were purchased from Fisher Scientific. 18 MΩ Milli-Q filtered water was used in the synthesis of 

all samples. All chemicals were used as received with no purification.  

Synthesis of Ag Hollow NPs 

Ag hollow NP templates were synthesized by following previously reported procedure. 

Typically, a 250 mL round bottom flask is placed in an ice-cold water bath and 50 mL of 

ultrapure water, 1.00 mL of 10 mM AgNO3, and 100 μL of 10 mM GSH were added. After 1 

min vigorous stirring, 10.00 mL of 0.1 M NaOH was injected to produce precursor Ag2O seeds. 

Then, 3.60 mL of 10 mM NaBH4 was swiftly injected that caused an immediate color change 
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from pale-yellow to orange-pink, indicating the formation of hollow Ag NPs. The resulting 

mixture was left in the ice water bath for 30 min. prior to galvanic replacement. 

Synthesis of Ag-Pt-Au Ternary Alloy Hollow NPs Sol 

      Synthesis of Ag/Pt/Au alloy NPs was achieved by galvanic displacement of the pre-formed 

hollow Ag NPs. Typically, 10 mL of 0.5 mM H2PtCl6 was injected to the as-prepared Ag hollow 

NP solution at a rate of 2 mL min-1, which caused a color change to pink-purple. After 30 min, 

10 mL of 0.5 mM HAuCl4 was also injected at a rate of 2 mL min-1 to produce a clear purple 

solution, suggesting the growth of ternary Ag/Pt/Au alloy hollow particles. This process was 

repeated 8 times to produce ~700 mL Ag/Pt/Au sol. The concentrated ternary sols were prepared 

by centrifuge filtration. Specifically, the centrifuge filters (MWCO 300,000) filled with 20 mL of 

Ag-Pt-Au sols were centrifuged at 3500 rpm for 9 min to remove 18 mL solution. This process 

was repeated until 8 mL of sol with a concentration of 0.02 M left (based on the AgNO3 used), 

and saved for future use. 

Synthesis of Ag-Pt-Au Alloy Hydrogels and Aerogels  

The 8 mL sol was divided into 4 glass vials with 2 mL aliquots. Three different amount of 

C(NO2)4 were added into each vial to produce different morphologies of the Ag-Pt-Au 

hydrogels, which were 75 L of 1% C(NO2)4, 350 L of 1% C(NO2)4, and 350 L of 7% 

C(NO2)4. The C(NO2)4 treated sols were kept in the dark after vigorous shaking to induce the 

gelation. Gradual condensation of the NP sol into solvent swollen, polymeric hydrogel is noted 

within 4-6 h. The resultant hydrogels were first washed with ultrapure water for 4-5 times to 

remove the byproducts of the synthesis, followed by acetone for 5-6 times until the yellow color 

supernatant disappears. The acetone exchanged hydrogels were loaded into CO2 supercritical 

dryer and exchanged with liquid CO2 at 15 oC for 6-8 times. Finally, the gels immersed in liquid 
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CO2 were dried under supercritical conditions (1350 psi and 40 oC) to produce the Ag/Pt/Au 

ternary aerogels. 

 

5.3 Results and Discussion 

 Previously, we have reported the synthesis of Au/Ag NPs and hollow NPs through GRR 

using Ag hollow NPs as templates.182 However, this method can be further expanded to alloy Ag 

hollow NPs with other noble metals in order to be used into more applications. Unfortunately, no 

matter what kind of commercials available Pt catalyst, either by itself or doped with Ni, they are 

still get pensioned by the in situ generated CO from the reaction and lost its catalytic activity. 

Since Au has been well known as the CO oxidation catalyst, alloying Au into Pt to make a 

porous material for methanol oxidation has become a great challenge. As the difference in 

standard reduction potential, both Au3+ and Pt4+ ions can oxidize Ag into Ag+, but Au3+ cannot 

oxidize Pt to Pt2+. In this case, Ag hollow NPs can be used as the template, by a slowly injection 

of the K2PtCl4 and HAuCl4, the ternary hollow NPs can be obtained (Figure 5.1).113, 114  

 

Figure 5.1: Schematic view of GRR of Pt and Au on the Ag hollow NPs for the formation of 

Au/Pt/Ag ternary hollow NPs.  
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The optical property of noble metal NPs are controlled by the composition and 

morphology. We have reported the tuning SPR maximum of Ag hollow NPs and Au/Ag hollow 

NPs through varying outer diameter and composition change.117,183 Similarly, with the 

composition change of adding Pt salt, the SPR maximum of Ag hollow NP started from 500 nm 

shifted to 520 nm. It can be further shifted to 560 nm after introduction of Au salt into the 

solution, as well as a larger value of the FWHM, indicating the successful alloying of the ternary 

hollow NPs.42,184  

 

Figure 5.2 UV-Vis absorption of Ag hollow NPs (green), Pt/Ag alloy hollow NPs (brown) and 

Au/Pt/Ag hollow NPs (Red). 

 Low resolution TEM was applied to investigate the morphology and size of the ternary 

hollow NPs. As shown in Figure 5.3, the hollow NPs exhibit similar spherical morphology as the 

Ag hollow NPs in Figure 5.4. By counting over 200 hollow NPs size through different samples, 

the average outer diameter is 44.3 ± 5.5 nm and shell thickness is 8.6 ± 1.1 nm. That represents 

the part of the Ag atom in the NPs have been replaced by Pt and Au, and dissolved into the 
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solution, which is constant as the Au/Ag GRR reaction. Interestingly, the Ag:Pt:Au ratio is 2:1:1 

to yield the spherical shape. If the ratio of increased to 2:1.5:1.5 or even higher amount of Au 

and Pt, the hollow NPs will break up into small NPs first and then lost their colloidal stability. So 

the ratio applied in this method is the maximum Au and Ag that possibly can be used.  

 

Figure 5.3: TEM images of ternary Au/Pt/Ag hollow NPs. 

 In order to further investigate on the alloying effect of the ternary hollow NPs, STEM-

EDS mapping was used to study the elemental distribution in the NPs. Figure 5.4 shows the dark 

field STEM image of the ternary hollow NPs, followed with the elemental mapping of Pt, Ag 

and Au, respectively. It is obvious that the three elements are evenly distributed all over the 
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hollow NPs, indicating a homogeneous alloying effect. More important, small NPs are also 

shown around the hollow NPs which mainly compose Pt, which means Pt resource might be still 

higher than needed. Therefore, according to the STEM study, a significant decrease of Ag proves 

that Pt4+ and Au3+ replaced the Ag atoms in the hollow NPs. 

 

Figure 5.4: STEM image of Au/Ag alloy hollow NP along with elemental maps of Pt, Ag and 

Au.  

 After the synthesis of the ternary hollow NPs, the as prepared solution was washed with 

water and then concentrated using centrifuge filters to remove excess water and other ionic 

byproduct. The final sol concentration is 10 mM which can be treated with oxidizing agent 

C(NO2)4 for hydrogel formation. Similarly to previous study, the surface thiolate ligand can be 
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oxidized to form sulfenyl nitrates and further to disulfides and dissolved into the solution, 

leaving active spots on the surface of the hollow NPs.112,157 Such spots on different NPs can 

build direct cross-linkage that resulted in the NP condensation for formation of hydrogels (Figure 

5.5). Different from other hydrogel, the ternary hydrogel condensed from sideway and condense 

to the middle yield a freestanding gel structure. Such observation can be due to the different 

surface tension of the hydrogel surface verse the water and more study will be performed in the 

future.185 After the formation of the hydrogel, acetone change was applied several times to 

remove the byproducts during the sol-gel process. The wet-gel was loaded into supercritical 

drying to produce the aerogel. The ternary aerogel is in black color, with extremely low density 

(0.120 g·cm-3) that is only about 1.2% compared to the corresponding bulk alloys.  

 

Figure 5.5: Photographs showing the condensation of Au/Pt/Ag NPs into opaque hydrogels: (A) 

concentrated sol, (B) after 2 hours, (C) after 4 hours, (D) after 6 hours (E) after 8 hours, and (F) 

after 12 hours. The top scale bar is in inches. 

In order to study the morphology and elemental composition of the aerogel, both low 

resolution TEM and STEM-EDS mapping are used. Different from the Ag aerogel, the ternary 

aerogel has a large number of smaller NPs which are direct cross-linked to produce a 
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nanoparticulate gel framework. It is likely that the NPs are generated through the breakup of the 

large hollow NPs during the sol-gel process. Since the in situ produced HNO3 etches Ag atoms 

into Ag+, part of the hollow NPs can’t retain their original morphology and breakup into smaller 

NPs. However, significant amount of hollow NPs still exist and randomly distributed on the 

network, providing inter-particles gaps for many applications.100,186 Figure 5.7 shows the dark 

field STEM image and elemental mapping of the ternary aerogel. Both Pt and Au are 

homogeneous distributed in the gel network, but Ag is more concentrated at the hollow NPs sites. 

That is probably because during the sol-gel process, more surface atoms are etched by the 

oxidizing agent, leaving the inner part of the hollow NPs which get less replacement by Pt and 

Au in the previous step. However, the elemental mapping proves that the aerogel superstructure 

contains both Pt and Au that can be used as methanol oxidation catalysis.  

 

Figure 5.6: TEM images of ternary hollow NPs formed aerogel. 
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Figure 5.7: STEM image of Au/Ag alloy aerogel along with elemental maps of Pt, Ag and Au.  

 The PXRD of ternary hollow NPs and aerogel were recorded for structural evaluation. 

The diffraction pattern of Au/Pt/Ag hollow NPs is consistent with cubic Ag (PDF # Ag 01-0870-

719), Pt (PDF # Ag 01-0870-719), and Au (PDF # Ag 01-0870-719) phase. However, there is a 

slight shift that made the peaks are in between of the three patterns.171,175 That is due to the 

change of lattice d-spacing discussed in chapter 2. The diffraction peaks corresponding to AgCl 

was not detected because the addition of ascorbic acid reduces some of Ag+ to Ag that avoided 

the formation of AgCl. As describe in the TEM analysis, since the formation of a lot of broken 

NPs, the aerogel lost its crystallinity. The aerogels’ property change may affect the application 
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such as catalysis because usually only certain facets in the crystal structure have been shown to 

exhibit maximum catalytic activity. Therefore, more work will be focused on keeping the 

crystalline structures of the aerogel during the sol-gel transformation in the future.  

 

Figure 5.8: PXRD patterns of ternary hollow NPs and corresponding Au/Pt/Ag aerogel.  

 Nitrogen adsorption/desorption isotherms of ternary alloy aerogel were performed for 

surface area analysis and pore size distribution study. As shown in Figure 5.9, the shape of the 

isotherm corresponds to type IV curves, which means mesopores are present in the framework. 

The significant increase at higher P/P0 matches a type II curve suggesting some macroporosity in 

the network. In addition, hysteresis loops in the desorption isotherm indicates both slit and 

cylindrical shaped pores. By fitting into the BET model, the surface areas were calculated to be 

173 m2/g, which is extremely high compared to reported values. The highly porous property 
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makes the ternary aerogels a promising material for many applications like catalysis, storage and 

chemical sensing.98,124  

 The pore size distribution and cumulative pore volumes of the aerogel were acquired by 

fitting the BJH model to the desorption isotherm. A bi-modal pore volume distribution was 

observed. The big peak centering at 25-30 nm representing the network pores, whereas the small 

peak centering at 3-4 nm is suggested to be the inter-particle gas between the NP network and 

hollow NPs. 

 

Figure 5.9: Nitrogen adsorption (blue) desorption (red) isotherms of ternary aerogel. The BJH 

model pore distribution plots are shown as insets. 

 The catalytic properties of the ternary aerogel are examined in the methanol oxidation 

reaction and ternary alloy aerogel electrodes displayed an exceptionally high catalytic activity 

toward the electro-oxidation of methanol.129, 178, 187 The CVs for the electro-oxidation of 
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methanol at a scan rate of 50 mVs-1 are depicted in Figure 5.10. Two current peaks characteristic 

of methanol electro-oxidation can be identified in all the obtained CVs similar to those obtained 

with a bulk platinum electrode. The symmetric anodic peak around -0.3 volts observed in the 

forward scan can be assigned to the oxidation of freshly adsorbed methanol species. As the 

methanol concentration increased the anodic peak current density increased, became less 

symmetric and the peak potential shifted to a less negative value (e.g. zero volts at 12 M 

methanol). Surprisingly, there hasn’t shown any decrease in the anodic peak current density upon 

increasing the methanol concentration up to 12 M, indicating an excellent and superior catalytic 

performance of this sample over the commercially available Pt/C catalysts.188 The superior 

electrocatalytic performance toward the methanol oxidation can be attributed to both the alloying 

effect and the unique microstructure of the aerogel.  During the reverse scan, an anodic oxidation 

current peak around -0.4 volts was recorded. This peak can be attributed to sweeping the 

incompletely oxidized carbonaceous organic intermediates formed on the electrode surface 

during the forward potential sweep. The ability of the aerogel electrodes to handle very high 

concentrations of methanol is reflecting the high capability of these aerogels to resist the 

poisoning effects.184  
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Figure 5.10: CVs for the electro-oxidation of methanol with different concentrations. 

5.4 Conclusion 

 In this project, we have successfully synthesized Au/Pt/Ag ternary alloy hollow NPs 

through GRR with Ag hollow NPs as template. The NPs display homogenous distribution of all 

three elements and keep the original hollow morphology of Ag templates with the appropriate 

amount of Au and Pt alloyed. Moreover, such ternary hollow NPs can be assembled into high 

surface area and self-supported aerogel superstructures under sol-gel transformation. The aerogel 

with a large number of micro to mesopores shows direct NP to NP linkage with a random 

distribution of hollow NPs on the network. Unfortunately, the powder XRD proves that the 

aerogel lost the crystallinity compared to the hollow NPs and the reason is still unclear. The 

performance of the aerogel as a catalyst for methanol oxidation was studied via CV showing 

significant promising result for the high capability and outstanding catalytic performance. More 

studies on tuning the physical properties and improving catalytic behavior are currently 

underway. 
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Chapter 6: Conclusion 

In this dissertation, we have successfully developed a novel strategy for direct cross-linking 

of noble metal NPs into high surface area metallic gel frameworks, transparent and opaque, via 

oxidative removal of surfactant ligands. First, we established a new methodology for production 

of noble metal NPs and hollow NPs with control of morphology, crystal phase, and tunable 

plasmonic properties. Secondly, as prepared colloidal NPs were condensed into wet “jello-like” 

hydrogels with direct interfacial linkages upon chemical oxidation of thiolate ligands. Hydrogels 

have been supercritically dried to produce monolithic metal aerogels. The resulting Ag, Au/Ag, 

Au/Pt/Ag aerogel are proven to be promising candidates for SERS-based chemical sensing and 

electrocatalytic studies. 

In Chapter 3, we have successfully demonstrated the synthesis of size and shell thickness 

tunable Ag hollow NPs and their self-supported assembly into transparent and opaque Ag gel 

frameworks via oxidative removal of the GSH surface functionalities. The Ag hollow NPs 

prepared by fast chemical reduction of Ag2O exhibit narrow and tunable plasmonic bands in the 

visible spectrum (470-570 nm) that are significantly red-shifted from those of the solid NP 

counterparts (410-420 nm). Glutathione surface functionality has been used to produce highly-

concentrated (0.03-0.05 M) Ag NP sols via centrifuge filtration whereas the introduction of 

C(NO2)4 was utilized for the oxidative removal of glutathione, leading to direct cross-linking of 

Ag hollow NPs into metallic Ag gel frameworks. The oxidant/thiolate molar ratio (X) determines 

the rate of NP condensation, which in turn determines the morphology, optical transparency, 

opacity, surface area and porosity of the resultant Ag aerogels. As-prepared opaque Ag aerogels 

exhibit extremely low densities, high-surface-area and porosities that can be tuned by varying the 

inner diameter of the precursor NPs as well as classic pearl necklace morphology of the base-
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catalyzed silica aerogels. The high concentration of oxidant (X >7.7) facilitates the oxidative 

etching of Ag hollow NPs into significantly smaller NPs (3.2-7.6 nm) that can result in optically 

transparent Ag hydrogels. While the tunable plasmonic properties of the precursor hollow NPs 

are lost upon sol-gel assembly the catalytic and SERS activities of the nanoscale building blocks 

are expected to retain in the resultant aerogel product.  

In Chapter 4, we have demonstrated the synthesis of Au/Ag hollow NPs with varying 

morphologies and tunable plasmonic properties via galvanic replacement of the preformed Ag 

hollow NPs. The influence of the Au: Ag molar ratio (m value) on the evolution of SPR and 

morphology of alloy nanostructures has been systematically studied by employing sacrificial 

porous Ag templates, for the first time. As-prepared Au/Ag NPs were successfully transformed 

into high surface area, self-supported, bimetallic superstructures via controlled oxidation of the 

surfactant ligands. The resultant aerogels exhibit direct NP connectivity, extremely low density, 

high surface area and mesoporosity, and distinct morphologies that can be tuned by varying the 

nanoparticulate building block. The performance of monolithic aerogels in SERS application has 

been studied using Rd 101 as the probe molecule. The SERS spectra exhibit average signal 

intensities of 47.5 ± 6.4 - 59.0 ± 29.3 for precursor NPs and 474.7 ± 203.3 - 2231.3 ± 1079.7 for 

corresponding aerogel samples, under identical experimental conditions. The production of high 

surface area, mesoporous Au/Ag alloy aerogels will add to the overall tool box of metal aerogels 

with promising application in chemical sensor technologies. 

In Chapter 5, synthesis of Au/Pt/Ag hollow NPs is reported, which has been shown as a 

promising material in methanol oxidation electrocatalysis. In this work, synthesis of Au/Pt/Ag 

ternary hollow NPs was achieved through GRR of the preformed Ag hollow NPs. The ternary 

hollow NPs exhibit homogeneous distribution of Au, Pt, and Ag while retaining the original 
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morphology of precursor Ag templates. As prepared ternary hollows were successfully 

transformed into free standing hydrogels via oxidative removal of the surfactant ligands. The 

resultant aerogels exhibit high surface area (173 m2/g) and pore size distribution ranging from 

20-60 nm. TEM images of aerogels show direct small NP to NP linkage with numerous hollow 

NPs decorating on the NP formed network due to the breakup of the hollow NPs. However, the 

aerogel lost the crystallinity and turned into amorphous structure, most probably because of the 

etching of Ag by in situ generated HNO3. Nonetheless, the performance of the ternary aerogels 

for electro-oxidation of alcohol has been studied with methanol concentration up to 12 M. It has 

shown promising catalytic performance due to the alloying effect which overcomes the CO 

formation. Since the reaction catalysis commonly occurs on certain facets of the crystalline 

structure, retain the crystallinity from ternary hollow NPs to aerogels will be able to significantly 

increase the catalytic efficiency. In the future, in order to improve the mechanical stability as 

well as the crystallinity of the aerogels, we will attempt different approaches such as varying 

reaction parameters (different amount of oxidizing agent used, gelation time, drying time, and 

Ag:Pt:Au ratios) to produce ternary crystalline aerogel. Moreover, the electrocatalytic 

performance of ternary aerogels derived from above protocols will be systematically studied. 

Since morphology of the nanoscale material is another key factor that influences the catalytic 

performance, hence ternary Au/Pt/Ag aerogels that exhibit varying morphologies will also be 

synthesized and applied in the methanol oxidation reactions.  

In conclusion, the development of alloy noble metal aerogels provides an new field for 

studying porous Au, Ag and Pt nanostructures with controlled chemical and physical properties. 

Moreover, the sol-gel condensation strategy for direct cross-linking of noble metal NPs into high 

surface area, mesoporous aerogels provides a versatile route to produce NP superstructures of 
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other nanoscale metals, semiconductors, and their hybrids. The unique properties of the aerogels, 

including self-supported, low density, chemical sensitivity and highly catalytic properties make 

them well-suited for potential applications such as chemical sensing and electro-catalysis. 
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