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ABSTRACT 

The work presented in this dissertation focuses on the functionalization and 

application of hollow gold-silver nanoshells (GS-NSs).  GS-NSs were chosen for this 

research because of their unique surface plasmon resonance properties, allowing for these 

nanostructures to be designed to absorb light at wavelengths from the visible to the 

near-infrared.  Initial studies utilizing these nanoshell cores included coating the 

particles with porous silica, a protective layer that reduces aggregation but does not 

prevent access to the core by ions in solution.  In addition, the silica coating afforded 

these nanostructures stability under a wide range of pH conditions.  To demonstrate the 

utility of these composite particles, we employed silica-coated GS-NSs for plasmonically 

enhanced photocatalytic solar-to-fuel energy conversion and found that they increased 

hydrogen production up to 2.6 times as compared to an unmodified photocatalyst.  This 

research has provided us a template for further investigations using alternative core-shell 

structures, with an example being the synthesis of unique tin oxide-coated gold-silver 

nanorattle particles.  Nanorattle structures offer the potential for boosting hydrogen 

production due to the strong localization of the plasmonic enhancement between the 

metal and metal oxide interfaces. In separate studies, we synthesized hollow GS-NSs 

coated with doped tin-oxide shells for incorporation into a larger solar energy collection 

and conversion system with the goal of extending the active wavelength further into the 

visible and the mid-infrared range.  These modifications are expected to enhance the 

coverage of the solar spectrum and optimize the dielectric environment around the metal 

oxide to improve the activity of the photocatalyst in the composite material.  The 



 ix 

targeted nanoparticles reported herein were characterized by scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), energy-dispersive X-ray 

spectroscopy (EDX), and UV-visible (UV-vis) spectroscopy.  Nevertheless, since 

GS-NSs not only absorb/scatter light but also produce heat as the energy from the 

absorbed light dissipates, they have shown potential for photothermal drug-delivery 

applications.  Therefore, we developed thiol adsorbates that contain a 

thermally-reversible Diels-Alder attached moiety and formed self-assembled monolayer 

on flat gold surfaces for analysis.  Furthermore, we studied the thermally-activated 

release from these thin films as characterized by X-ray photoelectron spectroscopy (XPS) 

and ellipsometry.   
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Chapter 1:  Tunable Plasmonic Core@shell Nanostructures 

 

1.1. Introduction 

Plasmonic nanoparticles have garnered significant attention in recent years due to 

their unique localized surface plasmon resonance (LSPR) properties.1-3  Surface plasmon 

resonance (SPR) is the intense light absorption property that occurs when the frequency 

of incident photons is in resonance with the collective oscillation of the conduction band 

electrons of an SPR-active surface (typically gold or silver); when this resonance is 

confined to nanoscale dimensions, and the coherent oscillation of electrons is localized, it 

is called a LSPR.4-6  A plasmon, which is a collective oscillation of the free electrons, is 

schematically shown in Figure 1.1.  As a result of the LSPR, nanoparticles such as gold 

and silver, exhibit a strong absorption band in the visible region.5, 7  The optical 

extinction of the nanoparticles is maximum at the plasmon resonant frequency, which 

occurs at visible wavelengths for noble metal nanoparticles.  Due to this unique property 

of enhanced light absorption,8 plasmonic nanoparticles exhibit intense colors and have 

been used in various applications, such as energy conversion in solar cells,9-10 

biosensing,11 photothermal therapy,12 and biomedical imaging.13   

 

Figure 1.1.  Illustration of (a) surface plasmon and (b) a localized surface plasmon.  

Reproduced with permission from reference 5.5 

3829 dx.doi.org/10.1021/cr100313v |Chem. Rev. 2011, 111, 3828–3857

Chemical Reviews REVIEW

molecular sensitivity might differ from bulk refractive index
sensitivity, and a comparison of LSPR sensing with other
label-free sensing methods. Section 4 describes in detail some
of the many factors that can affect LSPR sensitivity, including
nanoparticle shape, size, aspect ratio, and material composi-
tion, and includes a detailed comparison among many
particle types.

Section 5 is an extensive review of the literature on
biological and biomedical LSPR assays. We divide the reports
into categories according to the biomolecular interaction
employed: biotin/streptavidin binding, antibody/antigen
interactions, sugar/lectin interactions, DNA hybridization,
and other analyte/receptor interactions. Section 6 reviews
chemical (nonbiological) sensing applications of LSPR, in-
cluding pH sensors, organic vapor sensors, and other chemical
sensors. In section 7, we discuss some of the recent techno-
logical advancements in LSPR sensing, including incorporat-
ing microfluidics, multiplexing, and integrating fiber optic
probes. Section 8 reviews the progress toward maximizing
the label-free molecular detection sensitivity of LSPR sensors,
including few- and single-molecule detection. Finally, in
section 9 we discuss the future technological potential of
LSPR sensors, including what is still needed to transform
current LSPR sensors into viable devices in the laboratory
and in the clinic, especially as low-cost medical diagnostic
devices.

2. PHYSICS OF LOCALIZED SURFACE PLASMON
RESONANCE (LSPR)

2.1. Bulk, Surface, and Localized Surface (Nanoparticle)
Plasmons

A plasmon is a collective oscillation of the free electrons in a
noble metal. It can be described as a quantum of plasma
oscillation (thus the -on suffix); however, this terminology is
somewhat misleading as the phenomenon itself can be described
accurately by classical physics. One can think of these plasmon
oscillations as mechanical oscillations of the electron gas of a
metal, the presence of an external electric field causing displace-
ments of the electron gas with respect to the fixed ionic cores. For
bulk plasmons, these oscillations occur at the plasma frequency
and have energy:

Ep ¼ p

ffiffiffiffiffiffiffiffi
ne2

mε0

s

ð1Þ

where ε0 is the permittivity of free space, n is the electron density,
e is the electron charge, and m is the electron mass. (Here, bulk
refers to materials with an extent large compared to the wave-
length of light in all three dimensions.)

At the surface of a metal, plasmons take the form of sur-
face plasmon polaritons (SPPs), also simply called surface

plasmons (Figure 1). Surface plasmons are optically excited,
and light can be coupled into standing or propagating surface
plasmon modes through a grating or a defect in the metal
surface. Because it is the oscillating electric field of the
incoming plane wave that excites surface plasmons, light with
a high angle of incidence (that is, with wave vector k nearly
parallel to the surface) couples most efficiently.

When a surface plasmon is confined to a particle of a size
comparable to the wavelength of light, that is, a nanoparticle,
the particle’s free electrons participate in the collective oscilla-
tion, and it is termed a localized surface plasmon (LSP). The
LSP has two important effects. First, electric fields near the
particle’s surface are greatly enhanced, this enhancement
being greatest at the surface and rapidly falling off with
distance. Second, the particle’s optical extinction has a max-
imum at the plasmon resonant frequency, which occurs at
visible wavelengths for noble metal nanoparticles. This ex-
tinction peak depends on the refractive index of the surround-
ing medium and is the basis for the sensing applications, which
are the subject of this Review. To understand in depth how
this localized surface plasmon resonance (LSPR) arises, we
must turn to scattering theory.

2.2. Mie Theory
In the early 20th century, Gustav Mie developed an analytical

solution to Maxwell’s equations that describes the scattering and
absorption of light by spherical particles.2 (For very small
particles (d , λ), Mie scattering agrees with the more familiar
Rayleigh scattering.) Finding the scattered fields produced by a
plane wave incident on a homogeneous conducting sphere
results in the following total scattering, extinction, and absorp-
tion cross-sections:3

σsca ¼
2π

jkj2 ∑
¥

L¼ 1
ð2Lþ 1ÞðjaLj2 þ jbLj2Þ ð2Þ

σext ¼
2π

jkj2 ∑
¥

L¼ 1
ð2Lþ 1Þ½ReðaL þ bLÞ& ð3Þ

σabs ¼ σext ' σsca ð4Þ

where k is the incoming wavevector and L are integers
representing the dipole, quadrupole, and higher multipoles
of the scattering. In the above expressions, aL and bL are the
following parameters, composed of the Riccati'Bessel func-
tions ψL and χL:

aL ¼ mψLðmxÞψ
0

LðxÞ 'ψ
0

LðmxÞψLðxÞ
mψLðmxÞχ

0
LðxÞ 'ψ0

LðmxÞχLðxÞ
ð5Þ

bL ¼ ψLðmxÞψ
0

LðxÞ 'mψ
0

LðmxÞψLðxÞ
ψLðmxÞχ

0
LðxÞ 'mψ0

LðmxÞχLðxÞ
ð6Þ

Here, m = ~n/nm, where ~n = nR þ inI is the complex refrac-
tive index of the metal, and nm is the real refractive index
of the surrounding medium. Also, x = kmr, where r is the
radius of the particle. (Note that km = 2π/λm is defined as
the wavenumber in the medium rather than the vacuum
wavenumber.)

To gain insight into LSPR phenomena, simpler expressions
than eqs 2'6 are required. If the nanoparticle is assumed to be
very small as compared to the wavelength, x, 1. In this case, the

Figure 1. Illustrations of (a) surface plasmons and (b) a localized
surface plasmon.

(a) (b) 
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1.2.  Tunable Factors for LSPR Optimization 

Extinction, the combined effect of absorption and scattering exhibited by 

nanoparticles, is a strong function of size, shape, composition (nature of the metal/metal 

oxide), structure (core-shell design), and the dielectric properties of the surrounding 

medium.14-15  This section briefly highlights the effect of each of these factors that can be 

used to manipulate and optimize LSPR for specific applications.  

1.2.1.  Size 

 According to Mie theory, LSPR extinction bands for small nanoparticles (size << 

wavelength of light) are dominated by absorption, and those for larger nanoparticles are 

dominated by scattering.5, 8  Evanoff et al. found in a study of a series of silver 

nanoparticles ranging from 26 to 136 nm that a distinct contribution from scattering to the 

extinction spectra becomes apparent at ~35 nm, while the extinction spectra for 

nanoparticles ~100 nm in size and larger are dominated by the contribution from 

scattering.16  The LSPR extinction band for monometallic nanospheres such as Au, Ag, 

Pd, and Pt is limited to a small range of wavelengths, and only large nanoparticles can 

reach higher wavelengths.  Gold nanospheres of sizes on the order of 15–300 nm absorb 

light at ~520–640 nm,17 while silver nanospheres of 5–100 nm absorb light at ~390–460 

nm,18 and platinum and palladium nanoparticles offer weak plasmonic properties with 

absorbances in the UV range.19  Due to these constraints, monometallic nanospheres are 

limited in their use for certain applications, such as solar energy conversion, which 

requires a broad range of wavelengths, and for biomedical applications in which their 

photothermal properties are achieved only with longer wavelengths, especially the near-
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IR region of light.3  

1.2.2.  Shape   

 The breadth and shape of the LSPR band of noble metal particles strongly 

depends on the geometry of the particles.14  While various shapes of solid single-

component plasmonic metal nanoparticles, such as nanostars, nanocubes, nanoprisms, 

and nanorods (see Figure 1.2), have been developed for use in various applications,20-22 

nanorod-shaped particles have proven to be the most effective at enabling the tuning of 

the absorption band.  Due to their geometry, gold nanorods exhibit two strong LSPR 

peaks, one is associated with longitudinal electron oscillation, and the other is from 

transverse electron oscillation.  The longitudinal LSPR peak ranges from 650 to 900 nm 

depending on the aspect ratio of the cylinder.23  Due to this tunable plasmonic property, 

gold nanorods have been used in applications that require light in the near-IR region of 

the electromagnetic spectrum; these include photothermal therapies conducted in vivo, 

surface-enhanced Raman spectroscopy, and plasmon-enhanced photochemical 

reactions.24-25  Gold nanostars also exhibit tunable LSPR peaks that depend on the aspect 

ratio of the spikes.26  In addition, it has been reported that nanoparticles with sharp edges 

and tips are particularly sensitive to variations in the dielectric environment.27  In addition, 

gold nanocubes have been reported that exhibit strong enhancement of local 

electromagnetic fields compared to spheres, especially at nanocube corners.28 

 

Figure 1.2. Common shapes of metal nanoparticles. 



! 4 

1.2.3.  Core@shell Designs  

 Core@shell type structures combine two different materials such as oxide@metal, 

metal@metal, and metal@oxide.  Because of the substantial difference in the dielectric 

properties of the oxide@metal nanoshells, these structures exhibit strong plasmonic 

coupling between the outer and inner interfaces of the metal shell, which means that 

varying the absorption profile can be tuned simply by varying the shell thickness.29  

Altering the size of the core also provides a useful tool for tuning the LSPR.30  

Silica@gold, discussed in the next section, is an extensively studied example of 

oxide@metal.  Metal@metal structures exhibit some synergistic effects for tuning the 

plasmonic properties and can be used to adjust the absorption between the LSPR ranges 

for the two different metals.1  Metal@oxide structures also show tunable plasmonic 

properties (a shift in the peak position) by changing the dielectric environment around the 

metal (e.g., doping the oxide) or the thickness of oxide shell.  Additionally, as compared 

to metal shells, metal oxide shells offer: (1) chemical and thermal stability, (2) multi-

functionality and increased dispersibility, and (3) biocompatibility and reduced toxicity.31  

Along with the enhanced ability to tune light absorption and scattering, core@shell 

geometries can maximize the interfacial area for a precious metal shell, therefore 

reducing the overall cost of the material.32   

In this chapter, we will discuss the various types of tunable plasmonic core@shell 

nanostructures and their applications.  This platform will allow us to define the conditions 

typically employed to synthesize nanoparticles tailored to a specific application; this 

process will also lead to the design of next-generation core@shell nanostructures. 
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1.3. Tunable Plasmonic Core@shell Nanostructures and Their Applications 

The synthesis of novel core@shell nanoparticles has provided an opportunity to 

create materials with unique optical functionalities spanning a wider visible and near-IR 

(NIR) spectrum than simple spherical nanoparticles.  Figure 1.3 illustrates three common 

types of core@shell structures: (a) conventional oxide@metal nanoshells, (b) 

metal@metal nanoshells (bimetallic and hollow metal), and (c) metal@oxide nanoshells.  

In each of the following sections, we will introduce the synthesis and properties of these 

nanoshells.  We will also highlight the applications of each of these tunable plasmonic 

core@shell nanostructures.   

 

Figure 1.3.  Common types of core@shell nanostructures: (a) oxide@metal, (b) 

metal@metal, and (c) metal@oxide. 

1.3.1.   Conventional Metal Nanoshells  

Popularized by the Halas group,33 standard gold nanoshells are composed of a 

dielectric silica core covered by a thin gold shell.  Silica nanoparticle cores are easily 

fabricated following the procedures described by Stöber et al.34 via the base-catalyzed 

hydrolysis of tetraethyl orthosilicate.  Next, the silica surface can be functionalized by (3-

aminopropyl)trimethoxysilane to give a net positive charge on the surface in a polar 

(a) 

Au 

SiO2 Au 

Ag 

Au 

SiO2 

(b) (c) 



! 6 

protic solution.  The amino-terminated silica nanoparticles can then be treated with 

negatively charged gold colloids (1-3 nm in diameter) using the method reported by Duff 

et al.35 where the electrostatic attraction leads to the formation of gold-decorated silica 

nanoparticles.  Finally, gold shells can be obtained by vigorously stirring the gold-seeded 

silica nanoparticles with a gold salt solution in the presence of formaldehyde.   

The LSPR of these gold nanoshells depends on the dimensions of both the silica 

core and the gold shell, and this absorption characteristic of the nanoshell can be tuned 

from the visible to the near-IR range.  Figure 1.4 shows the effect of the gold layer on the 

optical properties of typical gold nanoshells.  To produce this illustration, the diameter of 

of the silica core was held constant while the thickness of the gold shell was varied for a

  

Figure 1.4.  The LSPR of gold nanoshells having varying shell thickness.  Reproduced 

with permission from reference 29. 29 

27 Jun 2003 20:27 AR AR191-10-COLOR.tex AR191-10-COLOR.SGM LaTeX2e(2002/01/18) P1: GCE

Figure 3 Gold nanoshells consist of a dielectric core nanoparticle surrounded by a
thin metal shell. By varying the relative dimensions of the core and shell constituents,
one can design particles to either absorb or scatter light over the visible andmuch of the
infrared regions of the electromagnetic spectrum. (A) These vials contain suspensions
of either gold colloid ( far left with its characteristic red color) or gold nanoshells with
varying core:shell dimensions. (B) The optical properties of nanoshells are predicted
by Mie scattering theory. For a core of a given size, forming thinner shells pushes the
optical resonance to longer wavelengths.
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series of nanoshells.  As seen in the simulated spectra, the LSPR bands shift to longer 

wavelengths as the thickness of the gold shell is reduced.  In addition, as with spherical 

metal nanoparticles, the composition of the bands in the extinction spectra also depends 

on the overall size of the nanoparticles; smaller nanoparticles tend to absorb more light 

than they scatter, while larger nanoparticles tend to scatter more light than they absorb.8   

However, the process of synthesizing gold nanoshells is tedious and time-

consuming.  In addition, it is difficult to prepare batches of these conventional nanoshells 

so that they consistently have the same size and optical properties.  Perhaps more 

importantly, it is highly challenging to prepare nanoshells with sizes smaller than 100 

nm.36  Consequently, it would be prudent to work with alternative nanostructures to 

conventional nanoshells for applications that require particles sizes less than 100 nm. 

             Other conventional metal nanoshells that have been successfully synthesized, 

include those using a shell coating of Pd, Pt, Cu, Ag, Au-Ag, or Au-Pd.37-41  These 

nanoshells also show a tunable plasmonic band that depends on the dielectric property of 

the metal.42  Moreover, Zhang et al. reported both a plasmon hybridization effect and a 

retardation effect that influence the plasmon band for metal nanoshells (Au, Pd, and Pt), 

revealing an initial blue shift and then a red shift with an increase in shell thickness.41  

Regarding applications for conventional nanoshells, our group successfully coated gold 

nanoshells with a thermo-responsive poly(NIPAM-co-AAc) hydrogel polymer and 

further showed that the hydrodynamic diameters of the composite particles varied with 

temperature.43  This unique property offers an ideal nanoscale drug-delivery vehicle.  In 

addition, we also developed self-assembled monolayers (SAMs) of alkanethiols on Pd 
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nanoshells that were used to catalyze Suzuki-Miyaura reactions.44   

Researchers have also studied the role of core materials on the properties of 

nanoshells.  Copper oxide, a high dielectric constant material (ε ~7), was compared with 

silica, a low dielectric constant material (ε ~2), as a core material.45  Increasing the 

dielectric of the core material allowed the LSPR band of the nanoshells to be tuned to 

higher wavelengths without changing the nanoshell size.  In this study, the nanoshells 

displayed LSPR bands from ~610 to ~830 nm for nanoshells with sizes under 100 nm.  

Also, increasing the dielectric constant of the core enhances absorption efficiency, 

reduces the plasmon line width, and modifies the plasmon energy.45  This prior study 

revealed the alternative of utilizing semiconductor materials with higher dielectric 

constants to overcome the size limitations associated with conventional nanoshells.  

These alternative materials have also been investigated by our research group, leading to 

the successful synthesis of ~90 nm gold nanoshells with tin oxide as the core (ε ~9 to 14) 

which exhibit tunable plasmonic properties from the UV to the near-IR range (~800 nm).  

Detailed information regarding this project can be found in Appendix 1. 

1.3.2. Metal@metal Nanoshells 

Metal@metal nanoshells are gaining increasing attention due to their unique 

electronic, optical, and catalytic properties.46  Regarding their optical properties, the 

metal@metal nanoshells showed a broader range of light absorption as compared to 

monometallic nanoparticles.  For the purposes of this review, we will classify them into (i) 

bimetallic core@shell nanoshells and (ii) hollow metal/metal nanoshells. 
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1.3.2.1. Bimetallic Core@shell Nanoshells 

Au@Ag nanoshells (Au core-Ag shell) are an example of a pioneering bimetallic 

nanoshell.47  The gold nanoparticle core is synthesized by the reduction of gold salts, 

followed by the reduction of silver ions.  This type of Au@Ag bimetallic nanoshell 

exhibits unique plasmonic properties that reveal strong electromagnetic coupling between 

the two metals.48  In addition, the Xia group found that if the Ag shell is thicker than 3 

nm, the LSPR band of the gold core of the Au@Ag nanoshell was completely screened 

by the Ag shell.49  Au nanoparticles (i.e., monometal nanoparticles) offer a broader 

absorption range as compared to silver nanoparticles, and silver shells offer a higher 

scattering efficiency in the longer wavelengths typically associated with these particles.  

Therefore, Baek et al. concluded that these metals in combination in the form of Au@Ag 

nanoshells could be used in organic solar cell applications, with the resulting solar cells 

producing a 9.2% power conversion efficiency.50  Pd@Au and Ag@Cu nanoparticles 

have also been prepared, exhibiting either band intensity increases or band position shifts 

(red shifts in these examples) as the metal shell thickness was increased.51-52  Other 

metals such as Al and In have also been considered as potential candidates for tunable 

plasmonic nanomaterials.53  However, these metals have been shown either to be unstable 

in certain applications, difficult to use, or easily oxidized.54  Many other metals that 

might be considered for these nanoparticle systems face similar obstacles; therefore, 

further research is needed to find solutions to these problems. 

1.3.2.2. Hollow Metal/Metal Nanoshells 

Hollow metal nanoshells showed more broadly tunable plamonic properties and 
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higher sensitivity to their dielectric environment when compared to solid metal 

nanoparticles.  They also have the advantage of possessing a reduced density and a lower 

cost due to recent improvements in their synthesis.55  Hollow metal nanoshells can be 

synthesized using a template method starting with a polymer or silica core that is 

subsequently etched away during the final stage of the process.56  Like conventional 

nanoshells, it is difficult to make these nanoshells having sizes smaller than 100 nm.  One 

important improvement over the original synthesis method has been the use of galvanic 

replacement.  The Xia group developed the first hollow gold-silver nanoshells by this 

method.57  Their procedure included the synthesis of silver nanoparticles followed by the 

addition of gold salt to the silver nanoparticle solution, affording hollowed out gold-silver 

nanoshells.  Since the standard reduction potential of the Au3+/Au pair (0.99 V vs 

standard hydrogen electrode, SHE) is higher than that of the Ag+/Ag pair (0.80 V vs 

SHE), Ag can be oxidized into Ag+,!and gold salts can be reduced to Au0, allowing the 

gold to blend into the metal shell structure.58-59  The LSPR band associated with these 

hollow gold-silver nanoshells is tunable from 420–650 nm.  Our group has modified this 

synthetic method to produce smaller particles (~40 nm), and achieved a significant 

increase in the LSPR wavelength (~900 nm) for biomedical applications.36  Furthermore, 

we have demonstrated an alternative synthesis procedure by coating silver nanoparticles 

with a porous silica shell in the first step, and then adding gold salt to initiate the galvanic 

replacement.  This method not only slows down the rate of galvanic replacement and 

offers controllable plasmonic extinctions, but also enhances the colloidal stability under a 

wide range of pH conditions (see Figure 1.5).60  We believe these porous silica-coated 

gold-silver nanoshells have potential in applications such as solar energy conversion and 
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nanoscale drug delivery. 

 

Figure 1.5. LSPR properties of porous silica-coated hollow gold-silver nanoshells. 

Reproduced with permission from reference 60. 60   

Instead of using Ag as the core, Schwartzberg et al. synthesized hollow gold 

nanoshells by using a cobalt nanosphere as the core and adding gold salt to form hollow 

gold nanoshells via galvanic replacement.  During this procedure, the LSPR band of these 

nanoshells shifted from 550 to 820 nm, depending on the amount of added gold salt.61  In 

addition, other noble metals, transition metals, and semimetals such as Pd, Fe, and Te 

have been used as templates in galvanic replacement reactions.  Hong et al. used Pd 

nanoparticles as templates and added a Pt precursor to form hollow Pd-Pt nanostructures 

via galvanic replacement.  These particles exhibited enhanced oxygen reduction activity 

when compared to Pd@Pt core-shell structures.62  However, Pd and Pt are weak 
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plasmonic materials and poor for plasmonic applications.  Therefore, researchers recently 

combined Pd/Pt with Ag to form hollow Ag@Pd and Ag@Pt nanocubes via galvanic 

replacement.63  The plasmonic properties of the Ag@Pd nanocubes can be tuned to shift 

the LSPR peak from ~400 nm to 730 nm, and for Ag@Pt nanocubes from ~400 nm to 

670 nm, depending on the Ag/Pd and Ag/Pt ratios.  Moreover, a light-driven catalytic 

hydrogenation from the Ag@Pd nanocubes was demonstrated.64-65 

1.3.3. Metal@metal Oxide Nanoshells 

 We have seen in the previous sections how the LSPR band position for metal 

nanoparticles depends on the size, shape, and medium surrounding the particles.  

Additionally, uncoated metal nanoparticles are prone to agglomeration,66 and coating 

them with oxide shells such as SiO2, SnO2, and TiO2 helps keep the nanoparticles well 

dispersed (without aggregation).  Because the refractive indices of these oxide materials 

[SiO2 (1.46),67 SnO2 (2.2),68 and TiO2 (2.1)69]  are higher than those of common solvents, 

such as water (1.33) and ethanol (1.36), there is a red shift of the LSPR band.70-74 In 

addition, the LSPR band has been observed to red shift with an increase in the thickness 

of the oxide layer.75 

Metal nanoparticles coated with semiconductor materials represent an interesting 

tunable plasmonic structure.32, 76-77  Zhang et al. developed Au@Cu2O core@shell 

nanoparticles, and the LSPR band was observed to shift from ~578 nm to the near-

infrared as the Cu2O shell thickness increased.78  In addition, as the shell packing density 

was increased, the LSPR band progressively red shifted.  More recently, Jing et al. 

synthesized Ag@Cu2O nanoparticles having tunable plasmonic properties and various 
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particle geometries.79  This research demonstrates that metal nanoparticles coated with 

high-refractive-index semiconductors are promising, tunable nanomaterials.  Because of 

their tunable plasmonic properties, these composite nanomaterials have been used in 

many applications as highlighted in the following section. 

1.4. Tuning the Properties for Real Applications 

1.4.1. Solar Energy Cells  

Solar energy is one of the most abundant renewable energy sources, but the 

commercially available Si solar energy panels only adsorb light in the visible range, with 

an efficiency of ~16 to 20%.10, 80  About 46% of the solar spectrum lies in the infrared 

range.  The efficient absorption of all sunlight that reaches the Earth's surface continues 

to be a serious challenge.  Metal nanoparticles have been used as a light absorption 

antenna for plasmonic enhancement in solar-to-fuel cell devices, showing great potential 

in their initial tests.  However, the plasmonic tunability of metal nanoparticles is limited 

to a small range.  Li et al. reported cuprous oxide-coated silver nanoparticles as a visible 

plasmonic photocatalyst in which the tunable plasmonic property was tailored by varying 

the shell thickness.81  In addition, our group is developing tunable plasmonic gold-silver 

(GS-NS) nanoshells and incorporating them into a ZnIn2S4 photocatalyst for enhancing 

the water-splitting reaction.  Using a thin layer of non-porous silica, our preliminary 

studies found that our silica-coated GS-NSs (LSPR of 700 nm), when incorporated in the 

ZnIn2S4 photocatalyst, enhanced the efficiency of the photocataytic reactions by 2.6 times 

when compared to the unmodified ZnIn2S4 matrix itself.  Additional detailed information 

can be found in Chapter 3.  Moreover, Nishijima et al. used gold nanorods on TiO2 
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substrates for near-infrared plasmon-assisted water oxidation to form oxygen and 

hydrogen peroxide.82 

1.4.2. Biological Applications 

The near-IR region of light from approximately 800–1200 nm can penetrate 

human tissue (i.e., the "water window") and is minimally absorbed by tissue 

chromophores and water.83  Therefore, tunable plasmonic nanoparticles that can absorb 

near-IR light hold great promise in this field.  Conventional gold nanoshells and gold 

nanocages have been reported for imaging, photothermal therapy, and drug-delivery 

applications.84  Our group recently utilized conventional gold nanoshells functionalized 

with carboxylate-terminated organosulfur ligands to attach them on polydimethylsiloxane 

surfaces, which represent model catheter surfaces.85  Irradiation with a near-infrared laser 

(808 nm) led to the generation of heat on the surface of the gold nanoshells, which 

successfully killed the bacterium E. faecalis.  Moreover, gold nanorods coated with gold-

silver nanoshell showed plasmonic properties at both the first (650–950 nm) and second 

(1000–1350 nm) NIR windows, which provided high efficacy in NIR photothermal 

treatment.86  

1.5. Future Directions 

 The plasmonic properties of semiconductors have also been the subject of 

considerable investigation.87  Unlike metal nanoparticles, the plasmon resonance 

frequencies of semiconductors can be readily modified by using dopants and adjusting 

dopant concentration, creating new opportunities for the plasmonic manipulation of 

light.88  Figure 1.6 illustrates the LSPR frequency of metal nanoparticles and doped 
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semiconductor materials.  Indium tin oxide (ITO) is a commonly used conducting oxide 

material that has been found to exhibit plasmonic resonance when in the form of ITO 

nanocrystals, producing absorption peaks that can be varied from 1600 to 2200 nm by 

varying the concentration of the Sn dopant.89  In addition, other types of conducting oxide 

nanomaterials, such as aluminum-doped zinc oxide (AZO) and antimony-doped tin oxide 

(ATO), also show tunable plasmonic properties.90  Buonsanti!et al. reported the synthesis 

of AZO nanocrystals and showed that the Al doping concentration increased from 1.4% 

to 7.3%, while the IR absorption increased monotonically.  Xu et al. reported the 

solvothermal synthesis of Sb-doped SnO2 nanocrystals by using benzyl alcohol as the 

solvent, revealing that the NIR absorption of ATO nanocrystals is enhanced with an 

increase of Sb content, with the maximum band shifting to shorter wavelengths due to an 

increased free electron concentration.91   In addtion, Hsu et al. reported the shape 

dependence of the plasmonic properties for Cu2-xS nanodisks, with the LSPR property 

being tunable in the NIR by the introduction of Cu vacancies into the Cu2-xS lattice.92  

These semiconductor materials are substantially cheaper than Au and Ag.  Therefore, 

doping conducting oxides with metals might lead to promising new materials for 

synthesizing tunable plasmonic core@shell nanocrystals that can cover even a broader 

range of the solar spectrum. 
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Figure 1.6.  LSPR frequency dependence on free carrier density and doping constraints. 

Reproduced with permission from reference .93!

1.6. Conclusions  

Noble metals such as Au and Ag are expensive materials, and the tunable range 

for them as monometal spheres is limited.  However, their effectiveness as a component 

in a more complex nanostructure has been recently demonstrated.  In this chapter, we 

have highlighted the effect of size, shape, and core-shell design, along with the influence 

of the surrounding medium, upon the light absorption properties of various core@shell 

nanostructures.  We have also demonstrated that these nanoparticles can be used to tune 

the plasmonic properties of oxide@metal, metal@metal, and metal@oxide systems to 

suit particular applications.  These materials offer unique plasmonic properties whose 

applications are just beginning to be discovered.  Furthermore, the tunable plasmonic 

properties of semiconductors have also been recently discovered.    

Therefore, my research started from the synthesis of plamonic tunable hollow 
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Figure 1 | Localized surface plasmon resonance (LSPR) frequency dependence on free carrier density and doping constraints. The bottom panel shows
the modulation of the LSPR frequency (!sp) of a spherical nanoparticle by control of its free carrier concentration (N). LSPR frequency is estimated as:
1/2⇡

p
(Ne2/("

o

me("1 +2"m)). The high frequency dielectric constant "1 is assumed to be 10, the medium dielectric constant "m is set as 2.25 for
toluene, and the effective mass of the free carrier me is assumed to be that of a free electron. e is the electronic charge and "0 is the permittivity of free
space. The top panel shows a calculation of the number of dopant atoms required for nanoparticle sizes ranging from 2 to 12 nm to achieve a free carrier
density between 1017 and 1023 cm�3. To achieve LSPRs in the visible region, a material in which every atom contributes a free carrier to the nanoparticle,
that is a metal, is required. For LSPRs in the infra-red, carrier densities of 1019–1022 cm�3 are required. Below 1019 cm�3, the number of carriers (for a
10-nm nanocrystal) may be too low (<10) to support an LSPR mode. The brown diamond indicates the region of interest in the present study.
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Figure 2 | Size-controlled synthesis of copper(I) sulphide QDs. Transmission electron micrographs and (inset) electron diffraction patterns (top), and size
distribution histograms (bottom) of three QD samples with average size of (a) 2.4±0.5 nm (b) 3.6±0.5 nm, and (c) 5.8±0.8 nm. Diffraction rings in the
inset of c can be identified at d= 1.28, 1.70, 1.89, 1.98, 2.22, 2.41, 3.05, and 3.37 Å. Scale bar represents 50 nm in all images.

1.6 eV. Exciton features in copper sulphide nanoparticles have only
been observed previously for relatively monodisperse nanorods
made indirectly from the Cu+ exchange of CdS (ref. 25). The
size-dependent bandgaps observed are consistent with estimations
of a Bohr radius of 3–5 nm for Cu2�x

S and prediction of strong
confinement effects below 10 nm (ref. 19).

Bulk Cu2�x

S shows a free-carrier absorption in the NIR region
from excess holes in the valence band due to copper deficiencies26.
In bulk, no absorption is seen for perfectly stoichiometric Cu2S,
and the free carrier absorption intensity increases with x (ref. 26).
Nanocrystallites of Cu2�x

S exhibit a similar trend in their NIR
absorption as a function of stoichiometry as that in the bulk19.
The free-carrier absorption region in our case is distinguished
by remarkably well-defined peaks (Fig. 3), characteristic of LSPR
modes, the free carriers being holes, rather than electrons as in the

case of metals2. We believe that the relatively high monodispersity
and lack of inter-particle aggregation result in our colloids
exhibiting sharp plasmon absorption peaks.

Sub-bandgap absorption can arise from other phenomena
such as scattering or sample impurities, but we can assign
the NIR absorption bands to LSPRs by studying the effect
of the solvent medium on the absorption band position2. We
compared NIR spectra of the QDs in three different solvents: CCl4,
tetrachloroethylene (TCE), and CS2 with refractive indices of 1.46,
1.51, and 1.63, respectively (Fig. 3b). The NIR absorption band red-
shifts with increasing refractive index, as expected from an LSPR
feature. The magnitude of spectral shift is complicated because the
ligand shell contributes to the effective localmedium index.

The resonance wavelength correlates with the excess free carrier
density in the QDs. From past studies on noble metal nanoparticles,
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gold-silver nanoshells and further to their functionalization with different 

inorganic/semiconductor materials (SiO2/metal-doped SnO2), or to the formation of  

alternative nanorattle structures for either improving the stability of nanoshells or 

enhancing the tunable plasmonic properties for real applications, such as solar-to-fuel 

cells.  In parallel, I developed thiol adsorbates that contain a thermally-reversible Diels-

Alder moiety for attachment to plasmonic gold nanoshells and the further utilization of 

NIR laser modulation for drug-delivery applications.  The details of my research projects 

are described in the following chapters.  
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Chapter 2:  In Situ Growth of Hollow Gold-Silver Nanoshells within 

Porous Silica Offers Tunable Plasmonic Extinctions and Enhanced 

Colloidal Stability 

* 

2.1. Introduction 

Noble metal nanoparticles display a strong surface plasmon resonance (SPR) in 

which the frequency of incident photons is in resonance with the collective oscillation of 

the conduction band electrons at the surface of the metal.1  Due to SPR, these 

nanoparticles can be designed to provide a strong light absorption that characteristically 

peaks within a broad range of wavelengths from the UV to the near infrared, depending 

on the nature of the metal and the size and geometry of the particle.2  For gold 

nanospheres, the SPR peak appears at ~520–640 nm, depending on the particle size,3 

while that for silver nanospheres falls in the range of ~390–460 nm.4  Metal nanoshells 

are unique nanoparticle structures that have received a significant amount of attention 

because their tunable SPR bands have provided an additional means of targeting efficient 

light absorption and scattering.  For example, the SPR peak position of gold nanoshells 

having a silica core and diameters less than 200 nm can be shifted from 600 nm to 1000 

nm by simply varying the shell wall thickness and core size.5  This ability to tune the SPR 

by designing nanoshells to absorb and scatter specific wavelengths of electromagnetic 

radiation allows researchers to target a specific window of absorption and/or scattering, 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
 *[Chapter 2 is reproduced with permission from Li, C.-H.; Jamison, A. C.; Rittikulsittichai, S.; Lee, T.-C.; 
Lee, T. R. ACS Appl. Mater. Interfaces 2014, 6, 19943–19950.  Copyright 2014 American Chemical 
Society.] 
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depending on the desired application.  Examples of how this type of tunability has proven 

useful can be found in the irradiation of subcutaneous nanoshells and nanorods by near-

IR (NIR) wavelengths, which can penetrate into human tissue and cause little or no direct 

damage to the human body (~800–1300 nm).5   

While the absorption/scattering characteristics of these particles can be used to 

produce effective contrast agents for imaging, the heat associated with SPR absorption 

can be used in photothermal therapeutics (e.g., tumor ablation and/or drug delivery).5-8  

Consequently, nanoparticles that absorb and/or scatter in the near-IR have received 

considerable attention due to their potential use in biomedical applications.9,10  

Importantly, the bioavailability of nanoparticles generally increases with decreasing 

size;11 however, strategies for producing small gold nanoshells having near-IR 

extinctions are relatively rare.12-14 

In 2011, Vongsavat et al. demonstrated a two-step synthesis procedure for the 

fabrication of hollow gold-silver nanoshells having diameters that ranged from 40 nm to 

100 nm.15  According to this protocol, the hollow nanoshells were derived from silver 

nanoparticles that were synthesized by the reduction of silver nitrate using sodium citrate.  

The resulting silver particles were then used as templates to produce hollow gold-silver 

nanoshells via galvanic replacement by the addition of a gold salt solution to the 

nanoparticle solution.  By varying the addition conditions (amount of gold salt solution 

and/or exposure time), the authors showed that the content of gold in the nanoshells can 

be adjusted along with the position of the SPR band, providing a means of tuning the 

absorption of light across the visible and into the NIR range.15  The study also provided 
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useful data showing the relationships between particle size, metal content, and the SPR 

band position.  Notably, potential applications of these nanostructures are described in 

recent studies of similar hollow gold nanoshells that are being successfully employed in 

photothermal therapies.16,17  

Nevertheless, unmodified hollow gold-silver nanoshells, like many uncoated 

(non-passivated) metal nanostructures, are prone to agglomeration/precipitation.18  One 

commonly used approach for applications in vivo that generally addresses this concern 

has been to encapsulate the nanoparticles in a coating of polyethylene glycol (PEG).  

However, Goodman et al. recently reported that PEG-coated hollow gold-silver 

nanoshells are unstable under acidic conditions, and also subject to decomposition in 

vivo.19  This research team studied both uncoated and PEG-coated hollow gold-silver 

nanoshells, testing these samples under various pH conditions (pH = 2–10) for 24 h.  

Their studies found that these specialty nanoshells broke apart at low pH, even when the 

nanoshells were protected with PEG coatings.  

Numerous alternative strategies for stabilizing nanoparticles are known.18,20  One 

popular approach used in nanoparticle-based drug-delivery applications involves 

encapsulating the metal surfaces within a thin layer of silica -- a shell that typically 

produces a negatively charged surface in aqueous media,18,21,22 thereby enhancing 

colloidal stability by electrostatic means.23  Importantly, silica nanoparticles show low 

systemic toxicity when capped with a variety of agents (e.g., polyvinylpyrrolidone, PVP) 

and even in aggregate form.24,25  Importantly, the surface of silica can be easily modified 

by various functional groups using conventional silane chemistry, providing a means of 
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further passivating the surface and enabling a variety of applications.26-28  A dense silica 

shell can, however, limit the access of small molecules and/or metal ions to the metal 

core.  In contrast, encapsulation of the metal cores within porous silica shells enables 

penetration of these species through the shell while simultaneously inhibiting 

nanoparticle aggregation.18,29,30   

We wished to use this approach to fabricate silica-coated gold-silver nanoshells 

with tunable extinctions and enhanced colloidal stability in aqueous solution, with the 

ultimate goal of photothermal ablation and/or drug delivery.5-8  An example of a similarly 

structured composite nanoparticle can be found in the work of Soulé et al.,31 who 

prepared mesoporous silica-coated hollow gold-silver nanoshells using a sol-gel 

surfactant-templating method in which the bimetallic nanoshell cores were generated 

prior to the growth of the silica shell.  Importantly, the composite diameter of the 

nanoshells in these pioneering studies was ~300 nm, which is too large for many 

biomedical applications.  Specifically, particles with diameters of 100-200 nm exhibit the 

greatest potential for prolonged circulation in the human body because they are large 

enough to avoid uptake by the liver and small enough to avoid filtration by the spleen.32   

For the current investigation, we used a new procedure in which a porous silica 

coating modulates the overall size and interfacial structure of the resulting encapsulated 

composite nanoshells and affords precise control over the exposure of the precursor silver 

nanoparticle cores to a reactive gold salt solution, providing a facile means of tuning the 

position of the SPR band by controlling the extent of the galvanic reaction.  We also 

compared the results from this new synthesis route to those obtained using the alternative 
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synthesis strategy in which the gold-silver core is formed before coating with silica.31  As 

a whole, the comparison shows that the hollow gold-silver nanoshells produced via the 

new procedure exhibit enhanced uniformity in size and shape.  Additionally, we found 

that the silica layer protected the hollow gold-silver nanoshells from decomposition over 

a wide range of pH conditions, enabling their use in nanomedicinal applications ranging 

from diagnostic imaging to photothermal therapeutics. 

2.2. Experimental Section 

2.2.1.  Materials   

Silver nitrate (AgNO3; Aldrich), trisodium citrate dihydrate (NaCit; EM Science), 

potassium carbonate (K2CO3; Aldrich), hydrogen tetrachloroaurate(III) hydrate 

(HAuCl4
.H2O; Strem), nitric acid (HNO3; EM Science), hydrochloric acid (HCl; EM 

Science), ammonium hydroxide (NH4OH; EM science), sodium hydroxide (NaOH; EM 

Science), tetraethylorthosilicate (TEOS, Aldrich), and polyvinylpyrrolidone (PVP, MW 

~55,000; Aldrich) were purchased from the indicated suppliers and used without 

modification.  Water was purified to a resistance of 18 MΩ (Academic Milli-Q Water 

System; Millipore Corporation) and filtered using a 0.22 µm filter.  All glassware used in 

the experiments were cleaned in an aqua regia solution (3:1 HCl:HNO3) and dried in the 

oven prior to use. 

2.2.2.  Preparation of Silver Nanoparticle Cores   

Silver nanoparticles were prepared by one of the methods of Lee and Meisel that 

involves the reduction of AgNO3 by sodium citrate.33  An aliquot of AgNO3 (0.0167 g, 

0.100 mmol) was dissolved in 100 mL of H2O.  The solution was brought to reflux, and 
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then 2 mL of 1% trisodium citrate solution was added under vigorous stirring.  The 

solution was allowed to reflux for 30 min.  A yellow-green colored solution was formed, 

consistent with the presence of silver nanoparticles.  The solution was allowed to cool to 

rt and then centrifuged at 6000 rpm for 20 min before removing the supernatant. This 

residue was rinsed twice with water.  The aqueous solution containing the re-dispersed 

nanoparticles was then passed through a 0.2 µm PET syringe filter.  This procedure 

generated monodisperse silver nanoparticles whose size can be adjusted from 40 nm to 

100 nm, depending on the concentration of the reactants. 

2.2.3.  Preparation of Porous Silica-coated Silver Nanoparticles   

Two distinct steps were used to prepare porous silica-coated silver nanoparticles 

(Ag@porous SiO2 NPs).  The first step involved coating the silver nanoparticle cores with 

silica using an adaptation of the procedure used by Stöber et al. to prepare monodisperse 

silica nanoparticles.34  In this process, 10 mL of silver nanoparticle solution were mixed 

with ammonium hydroxide (2 mL) and ethanol (22 mL).  Under vigorous stirring, 25 µL 

of TEOS were added to this solution.  The mixture was then further stirred overnight at rt 

to allow the silver cores to be encapsulated by the silica shells.  The solution was then 

centrifuged at 4000 rpm for 20 min, and the isolated particles were re-dispersed in 20 mL 

of water.  The centrifugation and re-dispersion steps were repeated 5 times, leading to the 

isolation of the silver nanoparticles coated with silica (Ag@SiO2 NPs).   

The second step involved coating the Ag@SiO2 NPs with PVP, followed by 

etching, to form the porous shell as reported by Zhang et al.29  This process leads to 

porous silica having average pore sizes that range from 2.4 nm to 5.6 nm, depending 
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upon the etching time. 29,30  In this process, the Ag@SiO2 NP solution was mixed with 0.5 

g PVP under sonication for 30 min and then refluxed at 90 °C for 3 h to form PVP-

protected silica-coated silver nanoparticles (Ag@SiO2-PVP NPs).  After cooling the 

solution to rt, 0.4 mL of 1% NaOH solution was added to the mixture to initiate the 

etching process, and the mixture was then stirred vigorously for 2 h.  The resulting 

particles were purified by centrifugation at 4000 rpm for 20 min, followed by re-

dispersion in water.  The centrifugation and re-dispersion steps were then repeated 5 

times. 

2.2.4.  Preparation of Porous Silica-coated Hollow Gold-Silver Nanoshells   

To produce the final porous silica-coated hollow gold-silver nanoshells (Au-

Ag@porous SiO2), a basic solution of gold salt (K-gold solution) was prepared using the 

method reported by Oldenburg et al.35  Specifically, 0.025 g of potassium carbonate 

(K2CO3) was added to 100 mL of Milli-Q water, which was then infused with 2 mL of 

1% HAuCl4
.H2O solution.  The mixture, which was initially yellow in color, became 

colorless 30 min after the reaction was initiated.  The flask was then covered with 

aluminum foil to shield it from light, and the solution was stored in a refrigerator 

overnight. 

  To determine the best parameters for producing the final composite particles, 

defined aliquots of the K-gold solution were added to a defined amount of the 

Ag@porous SiO2 NP solution.  Each solution was continuously stirred, and the SPR band 

was monitored over time by UV-visible (UV-vis) spectroscopy until the SPR band 

stopped shifting to longer wavelengths.  The results reported herein started with ~2 mL 
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aliquots of Ag@porous SiO2 NP solution placed in several small vials that each contained 

a small stirring bar.  A ~2 mL aliquot of K-gold solution was added to each of the vials, 

and the mixture was vigorously stirred.  The resulting mixture was purified by 

centrifugation at 4000 rpm for 20 min, and the supernatant was then decanted.  Milli-Q 

water was added, and the centrifugation and decantation steps were repeated 2 more 

times.  The isolated composite particles were re-dispersed in water prior to 

characterization. 

2.2.5.  Characterization Methods   

The morphology of the obtained particles was evaluated using a LEO-1525 

scanning electron microscope (SEM) operating at an accelerating voltage of 15 kV.  To 

obtain high resolution SEM images, all samples were deposited on silicon wafers.  

Similarly, the size and morphology of the particles were evaluated by employing a JEM-

2000 FX transmission electron microscope (TEM) operating at an accelerating voltage of 

200 kV.  All TEM samples were deposited on 300 mesh holey carbon-coated copper 

grids and dried overnight before analysis.  Energy-dispersive X-ray spectroscopy (EDX) 

measurements were collected using an Oxford EDX attached to the TEM microscope.  X-

ray photoelectron spectroscopy (XPS) spectra were collected using a PHI 5700 XPS 

instrument equipped with monochromatic Al Kα X-ray source.  The XPS-derived atomic 

concentration was calculated by standard XPS processing software (Multipak).  UV-Vis 

spectra were obtained using a Cary 50 Scan UV-visible spectrometer over the wavelength 

range of 200 nm to 1000 nm.   
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2.2.6.  Photothermal Studies   

To explore the potential use of the nanoparticles in photothermal treatment 

applications, 3.0 mL aliquots of the porous silica-coated hollow gold-silver nanoshell 

solution were loaded in quartz cuvettes and irradiated by a diode laser (AixiZ, CW 300 

mW, 808 ± 10 nm) at a power density of ~5 Wcm-2 for 10 min.  During the course of 

irradiation, the temperature of the suspension was measured at 1 s intervals using a fiber 

optic temperature sensor (Neoptix) having a temperature resolution of 0.1 °C.  After 

exposure, the spectrum of the nanoshells was immediately collected (within 30 s). 

2.2.7.  pH Stability Studies   

The pH of the colloidal solutions was adjusted using 0.1 M solutions of HCl and 

NaOH to obtain the desired value (i.e., 2, 3, 4, 6, 8, 10), and was measured with a pH 

meter and pH test paper (Whatman).  Glass sample vials were prepared for each pH-

adjusted colloidal solution (3.5 mL), along with the unadjusted standard (pH 7), and 

placed on a Vari-Mix Test Tube Rocker for 24 h.  After 24 h, the optical properties of the 

composite nanoshells were measured by UV-vis spectroscopy, and then the particles were 

separated from their supernatant by centrifugation at 4000 rpm for 20 min, followed by 

re-dispersion in water for further characterization. 

2.3.  Results and Discussion  

2.3.1.  Synthetic Strategy   

The strategy used to prepare our porous silica-coated hollow gold-silver 

nanoshells is illustrated in Scheme 2.1.  For comparison, the results obtained via an 



! 34 

alternative strategy involving the formation of the hollow Au-Ag nanoshell followed by 

coating with porous silica are provided in the Appendix 2. 

Scheme 2.1.  Strategy for the Synthesis of Porous Silica-coated Hollow Gold-Silver 
Nanoshells 

 

This visual summary of the formation of the bimetallic hollow nanoshells 

provides perspective regarding the potential of this methodology.  The first step centers 

on the synthesis of monodisperse silver nanoparticles.  The second step involves coating 

the silver nanoparticles with a silica layer to prevent nanoparticle aggregation and 

enhance stability.  The addition of PVP in the third step provides a coating that partially 

protects the silica surface from etching by base, effectively retarding the etching process 

and allowing the controlled formation of a porous silica surface as a function of time.  

Due to the presence of the porous silica shell, the subsequent addition of K-gold solution 

in the final step affords a gradual displacement of the silver core by galvanic replacement 

without affecting the silica overlayer.  This route led to greater nanoparticle uniformity 

and improved morphological consistency than the alternative route described in the 

Appendix (see Scheme A.2.1. and Figure A.2.1.).  Regarding the galvanic reaction, since 

the standard reduction potential of the Au3+/Au pair (0.99 V vs standard hydrogen 

electrode, SHE) is higher than that of the Ag+/Ag pair (0.80 V vs SHE), Ag can be 

oxidized into Ag+ when the silver nanostructures and the K-gold solution are in contact 
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(see Equation 1),36 and the gold salts can be reduced to Au0, allowing the gold to blend 

into the metal shell structure.  

 3Ag   +   Au3+       3Ag+   +    Au (1) 

2.3.2.  Size and Morphology of the Porous Silica- coated Silver Nanoparticles   

 

Figure 2.1.  (a) SEM and (b) TEM images of the non-porous Ag@SiO2 NPs; (c) SEM 

and (d) TEM images of the Ag@porous SiO2 NPs.  

Both SEM and TEM were used to follow the development of the morphologies 

and particle growth patterns of the silica-coated silver nanoparticles and porous silica-

coated silver nanoparticles.  Figures 2.1.a and 2.1.b show uniform Ag@SiO2 NP 

structures with a total diameter of 108 ± 10 nm and a shell thickness of ~25 nm.  After 

the addition of the NaOH solution to the Ag@SiO2-PVP NP solution to initiate the 

etching process, the porous silica structure was formed.  A prior report states that etching 

starts from the interior, where there is no interaction with the PVP coating, and extends to 

! !(a) 

(c) (d) 

!50 nm 

!50 nm 

(b) 
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the outer surface.29  Our images appear to show that the porosity of the silica shells is 

uniform.  Further, when compared to the images in Figures 2.1.a and 1.b, the images in 

Figures 2.1.c and 1.d show that the porous silica NPs retain the shape and dimensions of 

the non-porous structures. 

2.3.3.  Surface Composition of the Porous Silica-coated Silver Nanoparticles  

 XPS data show the surface composition of the Ag@SiO2 NPs and the Ag@porous 

SiO2 NPs (see Table 2.1.).  The data are consistent with the anticipated presence of 

carbon, nitrogen, oxygen, silicon, and silver.  Prior to etching, the Si/Ag ratio was 5:1.  

However, after the addition of the etchant the Si/Ag ratio changed to 3:1.  Based upon 

these data, we conclude there is a distinct reduction in silica content as a consequence of 

the etching process. 

  Table 2.1.  XPS-derived Atomic Composition of the Nanoparticles 

Sample Atomic Concentration (%)a    Si/Ag Ratio 
 N C O Si Ag  

Ag@SiO2-PVP NPs 
(before etching) 3 36 44 15 3 5 

Ag@SiO2-PVP NPs 
(after etching) 3 45 38 10 3 3 

a.            a Atomic concentrations were calculated in Multipak.  

2.3.4.  Size and Morphology of the Porous Silica-coated Hollow Gold-Silver 

Nanoshells   

Figure 2.2. shows both SEM and TEM images of the Au-Ag@porous SiO2 

nanoshells after subjecting the porous SiO2-coated Ag nanoparticle cores to galvanic 

replacement for 24 h.  These images reveal that the inner solid Ag core has been 
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converted to a core/shell structure, a change that occurred upon adding the K-gold 

solution, where the gold ions underwent reaction with the metallic silver nanoparticle 

cores.  At the same time, the Ag core was partially oxidized and dissolved into solution.  

The hollow morphology is particularly evident in Figure 2.2.b.  

 

Figure 2.2.  (a) SEM image of porous silica-coated hollow gold-silver nanoshells after 24 

h of galvanic replacement; (b) TEM image of a single porous silica-coated hollow gold-

silver nanoshell after 24 h of galvanic replacement. 

2.3.5.  Composition of the Porous Silica-coated Hollow Gold-Silver Nanoshells   

EDX data reveal the elemental composition of the Au-Ag@porous SiO2 

nanoshells after subjecting the porous SiO2-coated Ag nanoparticle cores to galvanic 

replacement for 24 h.  The spectrum in Figure 2.3. confirms the presence of gold (Mα and 

Lα peaks at 2.12 and 9.71 keV, respectively), silver (Lα and Lβ peaks at 3.05 and 3.20 

keV, respectively), and silica (Kα peak at 1.74 keV).  Also, a copper peak is observed 

that is associated with the supporting copper grid used for analysis.  Additionally, Table 

2.2. shows the EDX-derived atomic composition of key atomic components of the 

nanoshells, along with the molar ratio of the Ag to Au, which is 5.9:1.0.  

(a) (b)!
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Figure 2.3.  EDX spectrum of the porous silica-coated hollow gold-silver nanoshells 

after 24 h of galvanic replacement. 

 
Table 2.2.  EDX-derived Atomic Composition of the Nanoshells after 24 h of Galvanic 

Replacement 

Sample Weight (%) Molar Ratio 

 Si O Ag Au Ag/Au!

Au-Ag@porous SiO2 nanoshells 8 15 51 16 5.9!

 

2.3.6.  Optical Properties of the Porous Silica-coated Hollow Gold-Silver Nanoshells   

 Figure 2.4. shows the extinction spectra for the Au-Ag@porous SiO2 nanoshells 

taken at various times during exposure of the Ag@porous SiO2 nanoparticles to the K-

gold solution.  Before adding K-gold solution, the porous silica-coated silver 

nanoparticles exhibited a relatively sharp SPR peak at ~445 nm.  After adding the K-gold 

solution, the SPR maximum shifted from ~445 nm up to ~800 nm, depending on the 

agitation time.  After 24 hours, the SPR band stopped shifting, which was taken to 
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indicate that the bimetallic shells achieved a stable composition/structure. For the red 

shift can be attributed to both the replacement of silver by gold and the generation of a 

metallic shell structure having a hollow dielectric core.5,35  Prior studies of the formation 

of Au-Ag nanoshells or nanostructures (absent an overlying silica shell) have found that a 

thin layer of gold initially deposits on the surface of the silver core of the nanoparticle, 

followed by the oxidation of the silver core and its partial dissolution into the surrounding 

solution, forming a hollow structure.37,38     

!
Figure 2.4.  UV-Vis spectra of porous silica-coated hollow gold-silver nanoshells as a 

function of the amount of time after adding K-gold solution to the Ag@SiO2-PVP NP 

solution. 
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The broadness of the SPR band and its peak position depend not only on the metal 

content of the core, but also on the distribution of metal shell sizes and the thickness of 

the shell.5,39  Importantly, our porous silica-coated hollow gold-silver nanoshells exhibit 

their maximum SPR peak in the NIR region upon completion of the formation of the 

shell/hollow core structure, which renders them attractive for use in various theranostic 

applications.10,16,17,40  

2.3.7.  Photothermal Properties of the Porous Silica-coated Hollow Gold-Silver 

Nanoshells   

Figure 2.5. provides insight into the photothermal properties of the Au-

Ag@porous SiO2 nanoshells.  The composite nanoparticles were irradiated with a NIR 

laser emitting light at a wavelength of 808 nm.  The temperature of the aqueous solution 

containing the porous silica-coated hollow gold nanoshells was measured at intervals of 

30 seconds over a period of 10 minutes and increased from 24 °C to 36 °C over this time 

frame.  These measurements reveal a potential for photothermal applications for such 

hollow bimetal nanoshell structures; moreover, the collective data suggests that the light-

activated thermal response can be modulated by adjusting the time of exposure of the 

Ag@porous SiO2 NPs to the K-gold solution. 
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Figure 2.5.  Temperature of an aqueous solution containing silica-coated hollow gold-

silver nanoshells after 24 h of galvanic replacement (!) after exposure to NIR laser 

irradiation.  Measurements were collected at 30 sec intervals over 10 min and compared 

to the response of pure water (") upon exposure to the laser. 

2.3.8.  Stability of the Porous Silica-coated Hollow Gold-Silver Nanoshells as a 

Function of pH   

Figure 2.6.a illustrates the stability of the Au-Ag@porous SiO2 nanoshells after 24 

hours of exposure under various pH conditions.  Notably, the SPR peak at pH 10 (~770 

nm) is slightly blue-shifted from our "standard" sample at pH 7 (~800 nm), which 

indicates that the nanoshells are largely robust up to pH 10.  Furthermore, the observed 

blue shift probably reflects changes in the refractive index of the material surrounding the 

Au-Ag nanoshell core related to the partial dissolution of the silica shell under basic 
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conditions.41-43   With the loss of silica, small molecules such as water can penetrate the 

silica shell around the gold-silver nanoshell cores, changing the refractive index of the 

materials in contact with these cores.44  For the materials involved, the refractive index of 

water is 1.33,45 which is smaller than that of silica at 1.46.46  However, Rayss et al. 

reported that the refractive index of a silica surface increases with an increase in the 

concentration of adsorbed cations.47  Such an increase occurs with an increase in pH, and 

as the pH of the nanoshell solution is raised above pH 7, there is a notable increase in 

adsorbed cations.  However, this effect is counter to the trend observed in our data and is 

apparently minimal compared to the change in the silica shell refractive index associated 

with the partial loss of silica from the shell via dissolution under mildly basic conditions.   

In contrast, the extinction spectra for colloidal solutions over the range of pH 8 to 

pH 4 show a small red shift in peak position (from ~800 nm to ~820 nm, respectively).  

Notably, the observed red shift can be attributed to a decrease in the surface charge of the 

silica shell as the charge on these composite nanoparticles begins to approach the 

isoelectric point of silica (~pH 2).48  Absent a sufficient charge to maintain particle 

separation, some of the particles are likely to form aggregates, causing the SPR peak to 

shift to slightly longer wavelengths.49  Further, the intensity of the SPR bands for the 

nanoshell solutions at pH 2 and pH 3 decrease dramatically, and the peak positions are 

more noticeably red-shifted (by ~60 nm), which is consistent with a model in which the 

nanoshells aggregate and precipitate as the pH of the solution reaches the isoelectric point 

of silica.48 
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Figure 2.6. (a) UV-vis spectra of porous silica-coated hollow gold-silver nanoshell 

solutions upon exposure to various solution pH values for 24 h.  (b) UV-vis spectra of 

porous silica-coated hollow gold-silver nanoshell solutions after 24 h at pH 2, before and 

after adding NH4OH to adjust the pH to 8.  (c) TEM image of the porous silica-coated 

hollow gold-silver nanoshells after exposure to a solution at pH 2 for 24 h.  (d) TEM 

image of the porous silica-coated hollow gold-silver nanoshells that were exposed to a 

pH 2 solution for 24 h and subsequently adjusted to pH 8 by adding NH4OH.  Each 

spectral plot includes a standard solution of the porous silica-coated hollow gold-silver 

nanoshells (pH 7) that was not subjected to any pH adjustment. 

Importantly, for the sample held at pH 2 for 24 h, we subsequently increased the 

pH to 8 by adding mild base (NH4OH) and observed that the extinction band substantially 

recovered to its original position and intensity (see Figure 2.6.b); similar behavior was 

(d) (c)! 

(a) 
) 

(b) 
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observed for the sample held at pH 3 for 24 h (see the Figure A2.2.).   These observations 

are consistent with a model in which the surface charge on the silica coatings was 

restored by the addition of mild base.48,49    Additionally, the TEM images of the silica-

coated nanoshells that were exposed to pH 2 for 24 h show that the Au-Ag nanoshells 

remain intact inside the porous silica shell coating (see Figure 2.6.c), in contrast to 

previously studied Au-Ag nanoshells having no silica coating.19  Notably, the TEM 

images of these nanoshells after adjusting the solution to pH 8 show that they retain their 

shape and morphology (see Figure 2.6.d).  Colloidal recovery studies of the nanoshells 

held at pH 3 for 24 h are provided in the Appendix 2. 

2.4.  Conclusions 

Porous silica-coated hollow gold-silver nanoshells (Au-Ag@porous SiO2) with 

diameters of 108 ± 10 nm were synthesized and characterized by UV-vis, SEM, TEM, 

XPS, and EDX.  The synthetic strategy used to prepare these composite nanoshells led to 

particles with greater uniformity when compared to those produced via an alternative 

route used to prepare similar composite particles.  The optical properties of the composite 

nanoshells show that the most intense peak associated with the SPR band can shift from 

the visible to the NIR range (~445–800 nm) depending on the extent of exposure of the 

PVP-protected silica-coated silver nanoparticle cores to K-gold salt solution.  

Additionally, irradiation of an aqueous solution of the Au-Ag@porous SiO2 nanoshells 

with a NIR laser (808 nm) generated sufficient heat to increase the temperature of the 

solution from 24 °C to 36 °C after 10 minutes of exposure to the beam, which indicates 

that they have a strong photothermal response, making them good candidates for 
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nanomedicinal applications.  This conclusion is further supported by the observation that 

these nanoshells remain intact in aqueous solution for 24 hours over a wide range of pH 

conditions.  These results, along with the tunability of the bimetallic nanoshell cores, 

should generate interest among researchers seeking versatile nanoparticles for projects 

such as targeted photothermal therapeutic treatments, light-activated drug-delivery 

release mechanisms, or photocatalysis reactions that are initiated by visible or NIR light.   
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Chapter 3:  Plasmonically Enhanced Photocatalytic Hydrogen 

Production from Water: The Critical Role of Tunable Surface Plasmon 

Resonance from Gold-Silver Nanoshells 

 

3.1.  Introduction 

 Solar energy is one of the promising renewable energy resources that has been 

developed in the form of a number of solar conversion applications, including those 

based upon photovoltaic (direct solar-to-electric), photothermal (solar-to-heat), and 

photochemical (solar-to-fuel) conversion technologies.1-4  However, commercial Si solar 

panels only adsorb photons in the visible light range with an efficiency of ~20%.4,5  Many 

approaches can be used to resolve this problem.  Incorporating metal nanoparticles into 

the photocatalyst matrices used for solar energy conversion has received a lot of interest 

in recent years due to the unique surface plasmon resonance (SPR) properties associated 

with such nanostructures.6-14!  This intense SPR light absorption also generates a strong 

electric field close to the metal surface owing to the collective oscillation of the 

conduction band electrons under irradiation.  Mechanisms for the plasmonic 

enhancement of electron-hole formation in photocatalysts have been proposed,8,11 but are 

not yet fully understood.  When spherical silver or gold nanoparticles have been used,7-13 

the nanoparticles exhibit SPR at wavelengths in the range of ~390–460 nm for silver 

nanoparticles and ~520–640 nm for gold nanoparticles,15,16!  offering only limited 

additional light absorption relative to that existing for the photocatalyst.   
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Although SPR generated from simple metal nanoparticles can extend the 

absorption of a typical composite system to the visible region, the overall activity under 

sunlight is still unsatisfactory.  In 2011, Vongsavat et al. reported a synthesis procedure 

for small hollow gold-silver nanoshells (denoted as GS-NS) and demonstrated the tunable 

plasmonic properties available with these nanostructures; providing light absorption from 

the visible to near-IR region.17  Moreover, a UV-active TiO2 photocatalyst has usually 

served as the model system used to investigate charge transfer mechanisms, creating 

additional limitations on such catalytic systems.  Therefore, a visible light-active 

photocatalyst, ZnIn2S4 (ZIS),18-21 encapsulating our unique metal-metal nanoshells,17,22 

has been employed in this study to investigate the effects of tuning (and broadening) the 

SPR absorption band on hydrogen production efficiency.  This new class of GS-NS can 

absorb light at different wavelengths by altering the size, shell thickness, and composition 

of the bimetallic shell.  In this study, GS-NSs with 3 different absorption profiles were 

employed, namely nanoshells with broad extinction spectra that peak at ~500, 700, and 

900 nm, as determined by the gold-to-silver ratio for the nanoshells and the degree to 

which the initial solid nanoparticle structure has been hollowed out to form the nanoshell 

structure.  For each of these GS-NSs, three different types were tested within the ZIS 

matrix:  the nanoshells without a silica coating (0 nm), nanoshells with a thin silica 

coating (~17 nm), and nanoshells with a thick silica coating (~42 nm).  This unique set of 

nine photoactive GS-NSs offers a tool to unambiguously investigate the roles of a 

dielectric layer, silica (SiO2) in this case, in mitigating electron-hole recombination 

within the photocatalyst matrix, and most importantly, the optimal coupling between the 

SPR of the nanoshells and the absorption of the photocatalysts.  Additionally, we 
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previously showed in Chapter 2 that such silica-coated gold-silver nanoshells are stable 

under a wide range of pH conditions, enabling their incorporation in the ZIS matrix.23   

The preparation of the "bare" ZIS (i.e., ZIS without nanoshells) and composite 

core-shell particles was accomplished via a microwave-assisted hydrothermal synthesis 

and the synthetic steps are shown in Scheme 3.1.  This low temperature synthetic process 

is desirable because the structure and absorption of the GS-NSs remain intact.  All the 

ZIS photocatalysts were prepared under the same experimental conditions to allow a 

meaningful comparison between samples based on the hydrogen production from water, 

as contrasted with that of the bare ZIS particles.  In addition, possible charge transfer 

mechanisms are explored in this chapter. 

Scheme 3.1.  Strategies for the Synthesis of ZIS-coated Gold-Silver Nanoshells 

 

3.2.   Experimental Section 

3.2.1.  Materials   

Silver nitrate (AgNO3; Aldrich), trisodium citrate dihydrate (EM Science), 

potassium carbonate (K2CO3; Aldrich), hydrogen tetrachloroaurate(III) hydrate 

1) TEOS 

2) NH4OH 

GS-NS GS-NS@SiO2 

Zn(NO3)2/In(NO3)3 

CH3CSNH2 

GS-NS@SiO2@ZIS 

Zn(NO3)2/In(NO3)3 

CH3CSNH2 GS-NS@ZIS 
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(HAuCl4
.H2O; Strem), nitric acid (HNO3; EM Science), hydrochloric acid (HCl; EM 

Science), ammonium hydroxide (NH4OH; EM Science), tetraethylorthosilicate (TEOS; 

Aldrich), indium nitrate (In(NO3)3·xH2O; Alfa Aesar), zinc nitrate (Zn(NO3)3·6H2O; J.T. 

Baker), thioacetamide (TAA; C2H5NS; Sigma Aldrich), dihydrogen hexachloroplatinate 

(IV) hexahydrate (H2PtCl6·3H2O; Alfa Aesar), potassium sulfite (K2SO3; Sigma Aldrich), 

sodium sulfide hydrate (Na2S·xH2O; Sigma Aldrich) were purchased from the indicated 

suppliers and used without modification.  Water was purified to a resistivity of 18 

MΩ.cm (Academic Milli-Q Water System; Millipore Corporation) and filtered using a 

0.22 µm filter.  All glassware used in the experiments were cleaned in an aqua regia 

solution (3:1 HCl:HNO3) and dried in the oven prior to use. 

3.2.2.  Preparation of Silver Nanoparticle Cores   

Silver nanoparticles were prepared by the method of Lee and Meisel,24 which 

involves the reduction of AgNO3 by sodium citrate.  An aliquot of AgNO3 (0.0167 g, 

0.100 mmol) was dissolved in 100 mL of H2O.  The solution was brought to reflux, and 

then 2 mL of 1% trisodium citrate solution was added under vigorous stirring.  The 

solution continued to reflux for 25 min.  The contents turned a yellow green color, 

indicating the presence of silver nanoparticles.  The solution was allowed to cool to room 

temperature (rt) and then centrifuged at 6000 rpm for 15 min.  The nanoparticles were 

then re-dispersed in 12.5 mL of water.  This procedure generated monodisperse silver 

nanoparticles, where the size could be adjusted from 40 to 100 nm, depending on the 

concentration of the reactants. 
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3.2.3.  Preparation of Hollow Gold-Silver Nanoshells (GS-NSs)   

The preparation procedures for the hollow gold-silver nanoshells followed those 

reported in our previous paper,17 with the basic solution of gold salt (K-gold solution) 

prepared using the method reported by Oldenburg et al.25  Following this method, 0.025 g 

of K2CO3 was added to 100 mL of purified water, which was then injected with 2 mL of 

1% HAuCl4
.H2O solution.  The mixture, initially yellow in color, became colorless 30 

min after the reaction was initiated.  The flask was then covered with aluminum foil to 

shield it from light and the solution was stored in a refrigerator overnight.  Various 

amounts of gold solution were added to the silver NPs, depending on the desired level of 

the displacement of silver by gold, and the associated shift in the peak SPR light 

absorption.  Typical procedures for the nanoshells prepared for this report are as follows: 

for an SPR band at 500 nm, 10 mL of silver nanoparticles were mixed with 15 mL of K-

gold solution and stirred for 5 hours; for an SPR band at 700 nm, 10 mL of silver 

nanoparticles were mixed with 90 mL of K-gold solution and stirred for 5 hours; and for 

an SPR band at 900 nm, 10 mL of silver nanoparticles were mixed with 180 mL of K-

gold solution and stirred for 5 hours.  The SPR band of each solution was tracked using 

UV-Vis measurements.  The nanoshells were isolated by centrifugation at 6000 rpm for 

15 min, and the supernatant was then decanted.  The GS-NSs were re-dispersed in water 

prior to characterization and coating with silica. 

3.2.4.  Preparation of Silica-coated Hollow Gold-Silver Nanoshells  

The silica-coated hollow gold-silver nanoshells were generated using a modified 

Stöber method.26  Using this procedure, 10 mL of nanoshell solution was first diluted to 
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20 mL.  The nanoshells were then mixed with ammonium hydroxide (2 mL) and ethanol 

(45 mL).  Under vigorous stirring, 25 to 100 µL of TEOS were added to the solution, 

depending on the thickness of the silica shells.  The mixture was then further stirred 

overnight at room temperature to allow the hollow gold-silver nanoshells to be fully 

encapsulated by the silica shells.  The resulting solution was centrifuged at 6000 rpm for 

20 min, the supernatant decanted, and the nanoshells re-dispersed in ethanol.  This 

procedure was repeated 4 more times.  Finally, the isolated composite nanoparticles were 

re-dispersed into 10 mL of ethanol for characterization and application. 

3.2.5.  Preparation of GS-NS@SiO2@ZIS Composite Structures   

In preparing bare ZIS particles, zinc nitrate hexahydrate (0.3 mmol), indium (III) 

nitrate hydrate (0.6 mmol), and thioacetamide (2.4 mmol) were dissolved in 15 mL 

deionized (DI) water under vigorous stirring for 20 min.  The solution was then poured 

into a 30 mL quartz vessel.  The hydrothermal reaction took place in a microwave reactor 

(Monowave 300, Anton Paar) at 120 °C for 10 min.  The precipitates were collected and 

centrifuged at 8000 rpm for 5 min.  The resulting particles were rinsed thoroughly with 

DI water several times, and then dried in an oven at 80 °C for 12 h.  For the synthesis of 

the GS-NS@SiO2@ZIS particles, a 250 µL aliquot of nanoshell solution was first dried 

and the particles were then re-dispersed in 15 mL DI water using ultrasonic vibration.  

Zinc nitrate hexahydrate (0.3 mmol), indium (III) nitrate hydrate (0.6 mmol), and 

thioacetamide (2.4 mmol) were dissolved under vigorous stirring.  The reaction was then 

carried out in a microwave oven at 120 °C for 10 min.  The as-prepared GS-

NS@SiO2@ZIS particles were collected by centrifugation and washed with DI water 
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several times.  Finally, the composite particles were placed in an oven at 80 °C for 12 

hours to remove excess water.  

3.2.6.  Characterization of Nanoparticles and Nanoshells   

The size and morphology of the silver nanoparticles, GS-NSs, and SiO2-coated 

GS-NSs were evaluated using a LEO-1525 scanning electron microscope (SEM) 

operating at an accelerating voltage of 15 kV.  To obtain high resolution SEM images, all 

samples were deposited on silicon wafers.  Similarly, the size and morphology of the 

nanoshells were evaluated by employing a JEM-2000 FX transmission electron 

microscope (TEM) operating at an accelerating voltage of 200 kV.  All TEM samples 

were deposited on 300 mesh holey carbon-coated copper grids and dried overnight before 

analysis.  UV-Vis spectra were obtained using a Cary 50 Scan UV-visible spectrometer 

over the wavelength range of 200 to 1000 nm with all the nanoshell samples suspended in 

water for the measurements. 

3.2.7.  Characterization of GS-NS@SiO2@ZIS Composite Particles   

Extinction spectra were obtained using a UV-visible Spectrophotometer (Jasco V-

670) over the wavelength range from 300 to 900 nm.  Crystal structures were determined 

using an X-Ray diffractometer (Brucker Kaapa Apex II) with a Cu Kα light source 

coupled with a Ni filter.  The scan rate was set at 3°/min in the range of 20-80°.  A 

transmission electron microscope (JEOL-JEM 2100) was used to observe the structures 

of the particles.  To appropriately identify the collected sample data, the composite 

particles are denoted as GS-NS(n)@SiO2(m)@ZIS, where n indicates the wavelength of 

the peak SPR absorption and m is the thickness of the SiO2 interlayer.  For example, GS-
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NS(500)@SiO2(17)@ZIS is the core-shell structure of the GS-NSs with a peak SPR 

absorption of ~500 nm, an ~17 nm thick SiO2 interlayer, and an encapsulating coating of 

ZIS.  The samples without a SiO2 interlayer are denoted as GS-NS(n)@ZIS. 

3.2.8.  Photocatalytic Hydrogen Production Reaction and Quantum Efficiency 

Measurements   

The photocatalytic reaction for hydrogen production was conducted in a 225 mL 

custom-built cylindrical glass cell with a quartz side window and an illumination area of 

23 cm2.  The sacrificial agent needed to drive the reaction was prepared by adding 

potassium sulfite (55 mmol) and sodium sulfide (77 mmol) to DI water (220 mL).  0.06 g 

of unmodified ZIS or GS-NS@SiO2@ZIS particles were dispersed in the sacrificial 

solution and 1 wt% dihydrogen hexachloroplatinate (IV) hexahydrate (33.4 µL) was then 

added.  The system was first irradiated with a high intensity light (400 mW/cm2) for 1 h 

at 25°C to photodeposit Pt nanoparticles on top of the ZIS surfaces.  Finally, the 

photocatalytic reactor was irradiated by a 300 W Xe lamp.  The intensity was set at 100 

mW/cm2 and monitored by an optical meter (Newport 1918-R).  The temperature was 

maintained at 25 °C during the reaction and hydrogen gas was collected for at least 5 h 

using a water displacement method.27  The evolved gas was analyzed using a Shimadzu 

GC-14BpTF gas chromatograph.  Apparent quantum yields were determined using a 

compact monochromator (Sciencetech 9030) for the wavelength-dependent 

photocatalytic activity.  The intensity of the transmitted light from the 300 W Xe lamp 

before the monochromator was included in the set up was ~1000 mW/cm2, and in a range 

between 25-50 mW/cm2 afterwards. 
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3.3.  Results and Discussion 

3.3.1.  Silica-coated Gold-Silver Nanoshells   

The initial silver nanoparticles were analyzed by SEM to determine if the size and 

morphology were appropriate for the preparation of the targeted GS-NSs.  These images 

can be found in Figure A3.1. of the Appendix 3.  All of the GS-NSs used in this project 

were prepared from the same initial silver nanoparticle sample.  Upon completion of the 

gold salt galvanic replacement reaction on the silver nanoparticles to form the three types 

of GS-NSs, the morphologies of each of the samples were determined from images 

collected using TEM.  Figure 3.1a-c show the bare GS-NSs prepared from the three 

different exposure levels to the K-gold solution.  As seen from these images, the particle 

sizes for the bare GS-NSs were in the range of ~50-80 nm.  Due to the galvanic 

replacement reaction, where 3Ag + Au3+ → 3Ag+ + Au, the shell of the resulting GS-NS 

becomes thinner for an increasing exposure to K-gold solution.17  This produces an 

incremental increase in gold content, in conjunction with a reduction in shell thickness, 

which leads to both a broadening of the SPR band of the extinction spectrum and a red 

shift in light absorption, as further explained below.23! 
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Figure 3.1.  TEM images of hollow gold-silver nanoshells with peak intensities for the 

absorption bands at (a) ~500 nm, (b) ~700 nm, and (c) ~900 nm. 

In this study, the three types of GS-NSs were coated with two SiO2 shell 

thicknesses, and the data collected for these composite particles were compared with that 

of the three bare GS-NSs.  Our targeted shell thicknesses were 20 and 50 nm.  The 

average thickness of the thinner SiO2 coating was 17 ± 2 nm, as can be seen in the 

100 nm 

(a)!!

100 nm 

(b)!!

(c)!!

100 nm 
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example TEM image in Figure 3.2a and the SEM images in Figure A3.2. a, c, and e in 

Appendix 3.  The average thickness of the thicker SiO2 coating was 42 ± 8 nm, as shown 

in the TEM image in Figure 3.2b, and the SEM images in Figure A3.2. b, d, and f found 

in the Appendix 3.  

 

Figure 3.2.  TEM images of the SiO2-coated gold-silver nanoshells.  The thickness of the 

SiO2 coating (the interlayer for the AuNS/ZIS matrix) is (a) ~17 nm and (b) ~42 nm. 

Figure 3.3a shows the extinction spectra for the hollow gold-silver nanoshells 

having three different absorption wavelengths (~500, 700, and 900 nm).  The SPR band 

position of a typical nanoshell strongly depends on its size and shell thickness.28  For our 

particles, the synthesis of each type of nanoshell started from the same volume of the 

starter silver nanoparticle solution, followed by the addition of different amounts of K-

gold solution.  As the volume of added K-gold solution increased, the extinction peak 

shifted to longer wavelengths, reflecting both a change in the core-shell structure and an 

increase in the presence of gold in the gold-silver nanoshell. 

(a)!! (b)!!
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 Figure 3.3b shows the extinction spectra for the three samples of GS-NSs that 

were prepared with a peak position for the SPR band at ~700 nm: the bare nanoshell 

designated GS-NS(700), the nanoshell with a thin layer of silica designated GS-

NS(700)@SiO2(17), and the nanoshell with a thick layer of silica designated GS-

NS(700)@SiO2(42).  The red shift in the peak position of the SPR bands for the silica-

coated nanoshells, as compared to the bare GS-NSs, is due to the higher refractive index 

of silica (1.46)29 as compared to that of water (1.33).30  In addition, when comparing the 

spectra of the two silica-coated GS-NSs, the peak position of the SPR band shows a slight 

red shift (744 to 747 nm) with increasing thickness of the SiO2 layer.  The optical 

properties of the SiO2-coated GS-NSs appear to demonstrate that the thickness of the 

dielectric layer between the photocatalyst and the GS-NS has little effect on the 

absorption wavelength of the GS-NSs.  

 

Figure 3.3. (a) UV-vis spectra of the bare nanoshells GS-NS(500), GS-NS(700), and GS-

NS(900).  (b) UV-vis spectra of GS-NS(700), GS-NS(700)@SiO2(17), and GS-

NS(700)@SiO2(42). 
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3.3.2.  Core-Shell Structures of Photocatalysts   

The bare ZIS particles were synthesized using a higher precursor concentration (5 

fold of the concentration described for the GS-NS@ZIS particles in the Experimental 

Section).  As seen in Figure 3.4a, the SEM image of the as-prepared ZIS particles, the 

aggregates consist of 1 µm spheres with nanosheet structures covering the surfaces.  

When the GS-NS@SiO2 nanoshells were added as seeds, the resulting products were still 

particulate aggregates of 300-400 nm.  From the contrast in the TEM image shown in 

Figure 3.4b, it appears that each aggregate contains more than one nanoshell.  Thus, we 

determined it was essential to better understand the reaction mechanism to further tune 

the reaction conditions.   

!! 

Figure 3.4.  (a) SEM image of a bare ZIS particle and (b) TEM image of a GS-

NS@SiO2@ZIS composite aggregate prepared using the higher concentration of 

ZISprecursor solution. 

(a) (b) 
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Figure 3.5.  A series of TEM images illustrating the growth process of ZIS on the GS-

NS@SiO2 core at (a) 1 min, (b) 3 min, (c) 5 min, and (d) 10 min. 

Figure 3.5 shows the morphological changes of the GS-NS@SiO2@ZIS particles 

at different reaction times through a series of TEM images taken during the reaction.  ZIS 

nucleation initiated right after the start of the microwave-assisted hydrothermal process 

(Figure 3.5a).  The nanosheet structures began to grow within a few minutes (Figures 

3.5b and c), while aggregates were generated towards the end of the reaction (Figure 

3.5d).  Based on these results, the precursor concentration was lowered during subsequent 

synthesis procedures.  The morphology of the resulting core-shell particles is shown in 

(a) 

(c) 

(b) 

(d) 
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Figure 3.6a.  After adjustment, the TEM data shows that the probability of finding 

composite particles that contain only one GS-NS is much higher.  Therefore, this 

precursor concentration was used exclusively for the balance of this study.!

 

Figure 3.6.  (a) TEM image of a GS-NS@SiO2@ZIS core-shell particle prepared using a 

lower ZIS precursor concentration.  (b) XRD patterns for the bare ZIS and the GS-

NS(500)@SiO2(17)@ZIS particles.  The inset shows the enlarged diffraction pattern of 

the GS-NS(500)@SiO2(17)@ZIS particle in the 2θ range between 35 and 42°, indicating 

the presence of the Au nanoshells. 

The crystal structures of the bare ZIS and GS-NS@ZIS core-shell composite 

particles were also investigated.  For this purpose, the GS-NS(500)@SiO2(17)@ZIS 

particles were examined.  Figure 3.6b shows the X-ray diffraction patterns of the two 

samples.  The 2θ values at 27.8, 33.7, and 48.4° correspond to the cubic phase of 

ZnIn2S4.  For GS-NS-containing particles, a very weak diffraction peak at 2θ = 38-39° 

appeared, belonging to the (111) crystallographic plane of the gold-silver bimetallic 

nanoshells (see the enlarged XRD pattern in the inset of Figure 3.6b).17 This result 

indicates the presence of the hollow gold-silver nanoshells. 

(a) (b) 
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Figure 3.7.  UV-visible spectra and apparent quantum yield data for (a) bare ZIS 

particles along with that for (b) GS-NS(500)@SiO2(17)@ZIS, (c) GS-

NS(700)@SiO2(17)@ZIS, and (d)  GS-NS(900)@SiO2(17)@ZIS composite particles.  

Quantum yield data points indicated by ■. 

Figures 3.7a-d plot the extinction spectra of four different samples: bare ZIS 

particles and ZIS particles comprising GS-NSs with SPR absorption at ~500, 700, and 

900 nm.  The thickness of the SiO2 interlayer for the displayed data is ~17 nm.  The 

apparent quantum yield as a function of wavelength was also plotted for each of the 

samples in the same figure, which will be discussed in detail in the following paragraph, 

and further explained in the next section.  As seen in Figure 3.7a, the absorption edge of 

(a) (b) 

(c) (d) 
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the bare ZIS can be extrapolated from the trajectory of the descending curve and is 

located at ~550 nm, which corresponds to an energy band gap of ~2.25 eV.20 (Eg = 1240/ 

λ )  For the GS-NS-containing ZIS samples, Figures 3.7b-d, a shoulder appears on each 

of the absorption spectra.  The location of this region of additional light absorption 

correlates to that of the SPR absorption from the designed GS-NSs.  According to the 

aforementioned morphological, crystallographical, and optical analyses, the core-shell 

structure of the GS-NS@SiO2@ZIS particles remained intact after microwave-assisted 

hydrothermal synthesis.  

3.3.3.  Photocatalytic Activity of GS-NS@ZIS Core-Shell Particles   

Hydrogen production experiments were carried out under irradiation of a 300 W 

Xe light with an intensity of 100 mW/cm2, with the resulting gas collected using a water 

displacement method.  The amount of hydrogen gas collected for the first two samples 

(bare ZIS and GS-NS(900)@SiO2(17)@ZIS particles) is shown in Figure 3.8a, plotted as 

a function of time.  The hydrogen evolution rate for these samples remained steady for a 

period of at least 7 h.  The rate for the bare ZIS particles produced an average of 

 L/m2·h, a value close to that reported in the literature.21 Additionally, this 

initial data set showed that all of the ZIS particles containing GS-NSs produced more H2 

gas than the bare ZIS particles; namely the ZIS particles containing GS-NSs with three 

different SPR absorptions (~500, 700, and 900 nm) and three different SiO2 interlayer 

thicknesses (no SiO2, ~17 nm, and ~42 nm).  The data generated from these experiments 

can be seen in Figure A.3.a-c in Appendix 3.  To assist in comparisons between samples, 

we defined a parameter, the "enhancement factor", as the ratio of the average hydrogen 

01.005.0 ±
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evolution rate between the sample of interest and a bare ZIS particle sample.  The 

resulting data is shown in Figure 3.8b.     

!
 

Figure 3.8.  (a) Hydrogen evolution as a function of reaction time for the bare ZIS 

(squares) and GS-NS(900)@SiO2(17)@ZIS (circles) particles.  (b) The enhancement 

factors for the samples with different absorption properties and SiO2 interlayers (!: No 

SiO2, !: ~17 nm, ▲: ~42 nm). 

It is apparent for the data that the photocatalytic activity for the ZIS particles 

containing GS-NSs is much higher than that without GS-NSs.  This figure also shows 

that the samples that incorporate the GS-NSs with the thinner SiO2 interlayer (~17 nm) 

exhibit a higher photocatalytic activity.  However, for the GS-NS-containing particles 

that do not include a SiO2 interlayer, the activity lies in between that of the thin (~17 nm) 

and thick (~42 nm) SiO2 interlayers.  The reduced enhancement as compared to the GS-

NS(n)@SiO2(17)@ZIS particles is perhaps due to the absence of a dielectric interlayer 

whose blocking ability prevents the photoexcited electrons from transferring back to the 

GS-NS, and perhaps because the thicker shell reduces the contribution from the electric 

field effect upon the surrounding ZIS matrix.  Moreover, all of the GS-NSs that have an 

SPR absorption at 700 nm generated better hydrogen production rates than the other 

(a) (b) 
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samples.  Among all the samples, the GS-NS(700)@SiO2(17)@ZIS particles exhibited 

the highest enhancement factor (2.6), corresponding to a hydrogen evolution rate of 0.131 

± 0.03 L/m2·h.  Considering these results, an explanation is needed that would clarify the 

role of the interlayer within the GS-NS@ZIS matrix.  Therefore, charge transfer 

mechanisms will be discussed in the next section. 

To understand how the GS-NSs are able to enhance the photocatalytic activity of 

the ZIS particles, apparent quantum yield data were collected as a function of 

wavelength, and "action spectra" for the H2 evolution were constructed.  Figure 3.7a plots 

the extinction spectrum of the bare ZIS particles and includes the action spectrum (square 

symbols) for comparison.  For these particles that were prepared without nanoshells, the 

onset of the action spectrum agrees well with that of the extinction spectrum (~550 nm).  

No H2 production was observed in the longer-wavelength region (700-900 nm), and the 

apparent quantum yield increased with photon energy.  It is evident that the ZIS 

photocatalyst responded to the visible light and the activity correlates with the band gap 

transition between the valence and conduction bands.40,41  The action spectra of each of 

the GS-NS(n)@SiO2(17)@ZIS particles (Figure 3.7b-d) also followed the trends of the 

individual extinction spectra, indicating an enhancement of H2 evolution for the GS-NS-

containing ZIS particles at wavelengths from 400-700 nm, as compared to the pure ZIS 

photocatalyst.  The peak absorptions of the SPR bands for the GS-NSs used in this figure 

were ~500, 700, and 900 nm.  For the particles where the SiO2 interlayers were kept at 

~17 nm, at the wavelength of 400 nm, the apparent quantum yields of the ZIS particles 

containing GS-NS(500) and GS-NS(700) are both notably higher than that of the bare 

ZIS, with GS-NS(700) producing the largest apparent quantum yield measurement for 
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this data set.  However, the ZIS containing GS-NS(900) does not provide as substantial 

an increase.  At the longer wavelength of 700 nm, the GS-NS(700)-containing particles 

again exhibit the highest efficiency.  Note that although the absorption of the GS-

NS(900)@SiO2(17)@ZIS particles extends to longer wavelengths, the apparent quantum 

efficiencies at all wavelengths are smaller than that of the GS-NS(700)@SiO2(17)@ZIS 

particles, perhaps due to a reduction in coupling between the gold nanoshells and 

photocatalyst matrix.  The apparent quantum yield of the GS-NS(700)@ZIS particles, 

without a SiO2 interlayer, was also measured, which is shown in Figure A3.4 in the 

Appendix A3.  Once again the action spectrum follows the extinction spectrum and the 

apparent quantum yield is higher than that of the bare ZIS particles.  However, as 

compared to the GS-NS(700)@SiO2(17)@ZIS particles, with a thin SiO2 interlayer, the 

former exhibits lower apparent quantum yields than the later.  Because of the lower work 

function of gold, it is likely that the photo-excited electrons rapidly transfer back to the 

gold from the ZIS photocatalyst, leading to a suppressed H2 production. 

3.3.4.  Mechanistic Studies   

The incorporation of SPR-active metal nanoparticles into semiconductor systems 

offers a new opportunity to enhance photocatalytic water splitting, or solar hydrogen 

production.  Most reports utilize small metal nanoparticles (<50 nm) for plasmonic 

enhancement photocatalytic reaction studies.  However, we used larger gold-silver 

nanoshells (~50 to 80 nm) for our studies which might increase light scattering and 

extend the light absorption.  SPR from metal nanoparticles can facilitate charge 

separation in the semiconductor through the transfer of plasmonic energy, but it also 
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enhances the complexity of the factors involved in hydrogen gas evolution.  Note that a 

detailed SPR-mediated charge separation mechanism remains unclear.  However, a 

number of mechanisms have been proposed by various research groups.8,11  Direct 

electron transfer (DET) from metal nanoparticles is one means by which enhanced charge 

and hole generation in the semiconductor has been explained, as has been shown by the 

plasmonic enhancement for TiO2 systems.6,9,10  Mubeen et al. reported studies of the 

plasmonic properties for embedded gold nanoparticles in a TiO2 matrix.42  Their work 

revealed a dramatic reduction in the dielectric constant for the TiO2 matrix with 

embedded gold nanoparticles, shifting from 82 (in the dark) to 59 (under the visible light 

irradiation).  These results indicate that the SPR-excited electrons in the AuNPs move 

into the TiO2, thereby reducing the polarizability of the TiO2 matrix as a whole.  In these 

instances, the semiconductor and metal nanoparticles are in direct contact; therefore, hot 

electrons generated in the metal nanoparticle are able to overcome the Schottky barrier 

and directly transfer to the semiconductor.  Using the ejection of electrons from gold 

nanoparticles into a sulfide semiconductor as an example; the work function of bulk gold 

is 5.20 eV, corresponding to 0.7 V vs. NHE, and the flat band potential of n-type metal 

sulfide semiconductors lies between 0 and -1.0 V vs. NHE.32-35  Assuming an SPR peak 

absorption around 700 nm, many of the gold nanoparticles' conduction band electrons 

absorb this photon energy (1.77 eV), but the distribution of energy that naturally occurs 

leads to some of the individual electrons exceeding the average (hot electrons) and for 

this example, they can overcome at least a 1 eV barrier, directly injecting into the 

semiconductor.6  However, the probability, or the likelihood, that hot electrons can pass 

through this barrier is still under investigation.36-38!  White et al. demonstrated that when 
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the photon energy is similar to the barrier height, only a small portion of the electrons can 

pass through the barrier.39  But when the photon energy is about twice the barrier height, 

about 54% of the electrons were shown to pass through the barrier.  Therefore, an 

appropriate matching of electronic energy levels between the metal particle and the 

semiconductor enables the DET process to contribute to H2 gas evolution.  However, the 

work function of gold is more positive than the conduction band edge, as a consequence, 

gold nanoparticles can also act as co-catalysts and trap photo-generated electrons from 

the semiconductor.11! ! This electron pathway is opposite to that of DET, leading to a 

competition between DET and the co-catalyst effect.   

Two other proposed charge transfer mechanisms are due to local electromagnetic 

field enhancement (LEMF) and resonant energy transfer (RET).  The former involves the 

enhanced electron-hole separation in the semiconductor due to the strong electrical field 

created in the vicinity of the nanoparticles.  This mechanism can facilitate charge 

separation only for energies above the band gap of the semiconductor.11  The SPR of 

metal nanoparticles can also transfer its energy to the semiconductor materials through 

resonant energy transfer (RET), promoting the generation of electron-hole pairs.  It is 

believed that RET is a non-radiative process of the SPR-induced charge transfer 

mechanism.  Additionally, direct contact between metal nanoparticles and the 

semiconductor is not required, although this near-field RET effect is restricted by the 

distance between them.8,11  In order to optimize the SPR-mediated energy transfer, the 

SPR wavelength from the metal nanoparticles has to match the energy levels of the 

semiconductor.  In this study, the ability to tune the absorptions of the gold-silver 

nanoshells offers an opportunity to optimize the coupling between the SPR of the 
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nanoshells and the band gap of the ZIS photocatalyst.  In addition, the optical scattering 

from our gold-silver nanoshells might also contribute to the enhancement of 

photocatalytic activity by increasing the pathlength of light within the ZIS matrix.8,43  

As seen in Figure 3.7a, the onset of the absorption of bare ZIS is ~550 nm, with 

negligible photocatalytic hydrogen production below the band edge.  The apparent 

quantum yields of the three samples incorporated with GS-NS coated with 17 nm silica 

[GS-NS(500), GS-NS(700), and GS-NS(900)] are all higher than that of the bare ZIS at 

all wavelengths measured (Figures 3.7 b-d).  The higher quantum yields at wavelengths 

below 550 nm might be attributed to both LEMF and RET.  Note also that at wavelengths 

above 550 nm, at energies below the band gap, enhancements at SPR wavelengths were 

also observed.  This increased photocatalytic activity can happen only if the excited 

plasmonic resonant energy was transferred to the ZIS semiconductor to drive the water 

reduction for hydrogen evolution.  As mentioned in the previous paragraph, for energies 

below the band gap of ZIS, most likely RET mediates the energy transfer.  For our 

experiments, the absorption of the GS-NSs was systematically varied from 500 nm to 900 

nm; experimental parameters established with consideration of the overlap between the 

SPR and ZIS band positions.  With these experiments, it was found that, independent of 

the thickness of the SiO2 interlayer, the GS-NSs with SPR at 700 exhibited the highest 

photocatalytic activity.  This result suggests that better coupling might exist between the 

GS-NS(700) core and ZIS shell.  In addition, we also observed the bending of the ZIS 

band gap (Figure 3.7. b-d) after incorporating gold-silver nansoshells within the ZIS 

matrix, a phenomenon that might be attributable to the plasmonic field inducing effect.44  

However, the influence upon photocatalytic activity is still unclear.  
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In parallel experimental work, the thickness of the SiO2 interlayers was also 

varied.  The purpose was to provide a means of determining the contributions of the 

charge transfer mechanisms, as well as to determine the distance dependence of RET.  

Comparing composite particles with an ~17 nm SiO2 interlayer to those with an ~42 nm 

SiO2 interlayer show enhanced hydrogen production for the particles with the thinner 

interlayers, as shown in Figure 3.8a.  It has been reported in the literature that the range 

of the intensity of the SPR-generated electromagnetic field is tens of nanometers from the 

metal core.11  Our results suggest that the threshold value of the SiO2 thickness for our 

particular metal nanostructures lies in the vicinity of ~40 nm (i.e., the limiting distance 

for the effectiveness of our SPR-generated electromagnetic field).  In the case of the 

samples with no SiO2 interlayer, the enhancement factors for three GS-NS absorptions 

are between 1.3 and 1.8, lower than the samples with a thinner SiO2 interlayer (~17 nm), 

but higher than those with the thicker SiO2 interlayer (~42 nm).  This data indicates a 

higher coupling is associated with a shorter distance between the ZIS matrix and the GS-

NSs.  However, a direct contact between ZIS and the GS-NSs will suppress the electron-

hole generation and separation, perhaps due to the co-catalyst effect, i.e., electron transfer 

from the semiconductor to the metal nanoparticles.  The SiO2 interlayer blocks charge 

transfers associated with both DET and the co-catalyst effect, whereas LEMF and RET 

are two primary charge transfer mechanisms that can continue to contribute to an 

enhanced hydrogen production rate at energies above and below the band gap of ZIS, 

respectively, even with a silica interlayer.  Scheme 3.2 summarizes our results: GS-

NS(700)@SiO2(17)@ZIS had structural parameters that provided a strong enhancement 
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of H2 gas evolution while that of GS-NS(500)@ZIS provided a poor enhancement of H2 

gas evolution.  

Scheme 3.2.  Illustration that Summarizes the H2 Gas Evolution of the Composite 

Nanoparticles 

 

 

3.4.  Conclusions 

Composite structures based on SiO2-coated gold-silver nanoshell (GS-NS) cores 

and zinc indium sulfide (ZIS) semiconductor shells were fabricated.  The photocatalytic 

activity for hydrogen production from water splitting for these ZIS particles was shown 

to be adjustable by tuning the SPR absorptions of the GS-NSs in the visible and near-IR 

region, and by introducing and modulating the thickness of a SiO2 interlayer between the 

embedded GS-NS and ZIS matrix.  GS-NS(700)@SiO2(17)@ZIS particles exhibited the 

highest hydrogen production rate of 0.131 ± 0.03 L/m2·h, an amount that represented an 

enhancement of 2.6 times the rate of the ZIS matrix alone.  The presence of GS-NSs in 

the ZIS matrix was also observed to extend the absorption of the system to longer 
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wavelengths, thus enabling apparent quantum yields at energies lower than the band gap 

of ZIS.  Our experimental findings demonstrate that the coupling between the SPR of the 

GS-NS and the charge separation within the ZIS photocatalyst, along with the inclusion 

of a thin interlayer between these materials, are two key parameters needed to optimize 

solar hydrogen production.  As a consequence, this study provides important information 

for designing the next generation of composite materials for hydrogen production from 

photocatalytic water splitting.  
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Chapter 4: Synthesis and Characterization of Monodispersed Tin 

Oxide-coated Hollow Gold-Silver Nanorattles 

 

4.1.  Introduction 

Nanorattles or yolk/shell nanoparticles (yolk@shell NPs) are an interesting 

permutation of typical nanoshells that produce unique properties with their movable 

cores, interstitial hollow spaces, and alternative functionalities for the outer shells.1  

These unique properties provide nanorattles with significant potential as drug delivery 

agents,1 catalysts,2,3 and energy storage units in lithium ion batteries.4  Recent research 

efforts have even included the development of metal nanoparticles as the core (the yolk) 

with semiconductor oxide materials as the shell, leading to Au@TiO2,
2 Au@SiO2,5 and 

Au@Cu2O nanorattles.6 

For research on these nanostructures, the unusual character of the core typically 

becomes the focus of attention, but the role of the shell as a means of controlling electron 

transmission has also gained interest.  Tin oxide (SnO2) is an attractive n-type 

semiconductor material with a wide band gap (~3.6 eV) that exhibits a faster rate for the 

mobility of charge carriers than some of the other semiconductor materials such as TiO2.  

Therefore, SnO2 can reduce the rate of charge recombination,7 which can lead to an 

enhancement of photocatalytic activity in a photocatalytic system.  In addition, SnO2-

coated gold nanoparticles show remarkable stability under a wide range of pH 

conditions.8  This increased stability is necessary in applications where such a 

photoactive component must tolerate potentially harsh environments such as those found 
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in solar energy applications and sensing devices.9,10 

Another advantage associated with tin oxide is that as a semiconductor, it’s 

conduction band electrons readily interact with photons whose frequency is in resonance 

with the natural frequency of these surface electrons, enabling the absorption of this 

photon energy, a phenomenon known as surface plasmon resonance.11  However, the 

localized surface plasmon resonance (LSPR) of SnO2 nanoparticles only exhibits an 

enhanced response to light in the UV wavelength range.12,13  Recent efforts have focused 

on increasing the range of light that SnO2 can absorb by incorporating dopants in the 

SnO2 matrix to change the electron density of the materials in order to shift the SPR band 

to the near or mid-IR region.12,14  A slightly different approach has been pursued by 

researchers who have encapsulated SPR-active materials such as gold nanoparticles 

within a tin oxide shell to shift the absorption maxima for the gold surface.15   

The groundwork for the pursuit of plasmonically-enhanced solar-to-fuel cell 

energy collection working with unique nanostructures can be found in recent reports.16,17  

Researchers have already been utilizing materials that are SPR-active in the ultraviolet-

visible light spectrum (~54% of sunlight) for photocatalytic reactions.9,18-21  However, 

there are few reports regarding photocatalytic reactions activated by near-IR light (~46 % 

of sunlight).18,22,23  In 2011, Vongsavat et al. demonstrated a two-step synthesis 

procedure for the fabrication of hollow gold-silver nanoshells having an SPR band that 

extended across the visible to the near-IR range.24  These nanostructures were recently 

further explored by this author with an investigation of porous silica-coated hollow gold-

silver nanoshells that exhibited a broad range of optical properties from the visible to 
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near-IR and that were stable when exposed to a wide range of pH conditions.25  In 

contrast, non-centrosymmetic metal-semiconductor hybrid structures have demonstrated 

even better photocatalytic enhancement due to the stronger localization of the plasmonic 

coupling between the interface of the metal and that of the semiconductor, but this 

enhancement could be broadened by changes in the composition of the materials 

used.26,27 

For the current investigation, we combined the advantages of both of these prior 

nanostructures in order to design tin oxide-coated hollow gold-silver nanorattles.  First, 

we synthesized monodisperse silver nanoparticles,28 and then formed hollow gold-silver 

nanoshells by adding gold salt solution, displacing silver via galvanic replacement. 

Second, we coated these hollow gold-silver nanoshells with silica shells by a sol-gel 

method.  In the last step, we added base to etch out the silica while concurrently adding a 

tin precursor to form a tin oxide shell by the hydrothermal method.3  The resulting tin 

oxide-coated hollow gold-silver nanorattles exhibited a strong absorption from the UV-

vis to the near-IR range.  We are currently investigating possible applications for these 

nanorattles, beyond that of enhancing the photocatalytic activity of photocatalysts. 

4.2.  Experimental Section 

4.2.1.  Materials  

Silver nitrate (AgNO3; Aldrich), trisodium citrate dihydrate (NaCit; EM Science), 

potassium iodide (KI; J. T. Baker), L-ascorbic acid (C6H8O6; Aldrich), potassium 

carbonate (K2CO3; Aldrich), hydrogen tetrachloroaurate(III) hydrate (HAuCl4
.H2O; 

Strem), Urea (NH2CONH2; Mallinckrodt Chemicals), sodium stannate trihydrate 
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(Na2SnO3
.3H2O; Aldrich), nitric acid (HNO3; EM Science), hydrochloric acid (HCl; EM 

Science), ammonium hydroxide (NH4OH; EM science), sodium hydroxide (NaOH; EM 

Science), and tetraethylorthosilicate (TEOS, Aldrich) were purchased from the indicated 

suppliers and used without modification.  Water was purified to a resistance of 18 MΩ 

(Academic Milli-Q Water System; Millipore Corporation) and filtered using a 0.22 µm 

filter.  All glassware used in the experiments were cleaned in an aqua regia solution (3:1 

HCl:HNO3) and dried in the oven prior to use. 

4.2.2.  Preparation of Silver Nanoparticle Cores   

Silver nanoparticles were prepared with a modified citrate reduction method 

reported by Li et al.28  The first step in this procedure was to combine 600 µL of 2.5 mM 

ascorbic acid with 95 mL of water in a 250 mL round bottom flask, which was then 

stirred and heated to the boiling point.  At the same time, 0.0167 g AgNO3 (0.0100 

mmol) was added to 3 mL of water, 2 mL 1% sodium citrate, and 100 µL 1% KI in a 

small centrifuge tube and allowed to sit for 15 minutes.  After 15 minutes, the contents of 

the centrifuge tube were added to the round bottom flask and the mixture was refluxed 

for one hour.  A brownish yellow color formed, which is consistent with the presence of 

silver nanoparticles.  The solution was allowed to cool to rt and was then centrifuged at 

7000 rpm for 15 min.  After removing the supernatant, the residue was redispersed in 

12.5 mL purified water. 

4.2.3.  Preparation of Hollow Gold-Silver Nanoshells  

To produce the hollow gold-silver nanoshells (GS-NS), a basic solution of gold 

salt (K-gold solution) was prepared using the method reported by Oldenburg et al.29  



! 82 

Specifically, 0.025 g of potassium carbonate (K2CO3) was added to 100 mL of Milli-Q 

water, which was then infused with 2 mL of 1% HAuCl4
.H2O solution.  The mixture, 

which was initially yellow in color, became colorless 30 min after the reaction was 

initiated.  The flask was then covered with aluminum foil to shield it from light, and the 

solution was stored in a refrigerator overnight.  10 mL of silver nanoparticles solution. 

prepared in the previous section was mixed with 100 mL of K-gold solution and stirred 

for another 5 hours until the SPR band reached ~800 nm.  The resulting particle solution 

was then centrifuged at 7000 rpm for 15 min and the supernatant was decanted.  The 

residue was redispersed in 20 mL of purified water. 

4.2.4.  Preparation of Silica-coated Hollow Gold-Silver Nanoshells 

The silica-coating process for the gold-silver nanoshells (GS-NS@SiO2) was 

adapted from the Stober method.30  The 20 mL of gold-silver nanoshells solution 

prepared in the prior step was mixed with ammonia hydroxide (2 mL) and ethanol (45 

mL).  Under vigorous stirring, 100 µL of TEOS were added to this solution.  The mixture 

was then further stirred overnight at rt to allow the gold-silver nanoshells to be 

encapsulated by the silica shells.  The solution was then centrifuged at 6000 rpm for 20 

mins.  After removing the supernatant, the nanoshells were redispersed in 10 mL of 

purified water. 

4.2.5.  Preparation of Tin Oxide-coated Hollow Gold-Silver Nanorattles   

The tin oxide-coated hollow gold-silver nanorattles (GS-NS@Void@SnO2) 

synthesis procedure was adapted from the hydrothermal method reported by Zhang et al.3  

The first step in this process was to mix 3 mL of silica-coated hollow gold-silver 
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nanoshells with 3 mL of absolute ethanol in a 50 mL glass pressure vessel.  Concurrently, 

0.2 mL of 0.2 M urea, 0.4 mL of 0.08 M sodium stannate trihydrate, and 50 µL of 0.1 M 

NaOH were added.  After stirring for one hour, the temperature was increased to 135 °C 

and the solution was stirred for another hour.  The solution was then allowed to cool and 

was centrifuged at 6000 rpm for 15 mins.  After removing the supernatant, the residue 

was redispersed in ethanol.  In addition, by varying the sodium stannate trihydrate 

concentration, we can get different thicknesses for the tin oxide coating on the hollow 

gold-silver nanorattles. 

4.2.6.  Characterization   

The morphology of the obtained particles was evaluated using a LEO-1525 

scanning electron microscope (SEM) operating at an accelerating voltage of 15 kV.  To 

obtain high resolution SEM images, all samples were deposited on silicon wafers.  

Similarly, the size and morphology of the particles were also evaluated by employing a 

JEM-2000 FX transmission electron microscope (TEM) operating at an accelerating 

voltage of 200 kV.  All TEM samples were deposited on 300 mesh holey carbon-coated 

copper grids and dried overnight before analysis.  UV-Vis spectra were obtained using a 

Cary 50 Scan UV-visible spectrometer over the wavelength range of 200 nm to 1000 nm.  

Dynamic light scattering and zeta potential measurements were obtained using a Malvern 

Zetasizer Nano ZS90 instrument with a dilute nanoparticle solution.  Energy dispersive 

spectrometry (EDX) spectra were collected using a JEOL JSM 6330F field-emission 

scanning electron microscope equipped with an EDAX EDS using a TEAM computer-

controlled system. 
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4.3.  Results and Discussion 

4.3.1.  Synthetic Strategy   

The strategy used to prepare our tin oxide-coated hollow gold-silver nanorattles is 

illustrated in Scheme 4.1.  In the first step, we synthesized silver nanoparticles by the 

modified citrate reduction method.21  Ascorbic acid was mixed with the sodium citrate to 

increase the reduction rate and the addition of I- suppressed nanocrystals growth along 

the (111) facet.  Due to this modified citrate reduction method, we got monodisperse 

silver nanoparticles.  For the second step, we followed our group’s previous method for 

synthesizing hollow gold-silver nanoshells via galvanic replacement by adding gold salt 

solution to the silver nanoparticles.  With the third step, we used a standard sol-gel 

method to coat the hollow gold-silver nanoshells with silica shells under basic conditions.  

And in the final step, we used the silica shell as a template for coating the nanorattles 

with tin oxide, accompanied by base etching of the silica to form the final nanorattles 

where the inner silica shell was removed.  However, if we didn’t add base, the silica layer 

would remain on the core particle to form triple layer structures where tin oxide is the 

outer layer, silica is an interlayer, and the gold-silver nanoshells provide the core 

structure (see Figure 4.1).  For the final step, prior reports indicate that hydrolysis of the 

urea generates carbon dioxide, as shown in Equation 1,3 

CO(NH2)2 + H2O #! CO2 + NH3     (1) 

and carbon dioxide then reacts with the tin precursor compound to produce the tin oxide 

shell, as shown in Equation 2. 

 Na2SnO3
.3H2O + CO2 # SnO2 + 3H2O + Na2CO3   (2) 
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Basic conditions during SnO2 shell formation procedure also etched the silica, forming 

the nanorattle structure. 

Scheme 4.1. Strategy for Synthesizing Tin Oxide-coated Hollow Gold-Silver Nanorattles 

 

 

 

Figure 4.1.  (a) SEM and (b) TEM images of the GS-NS@SiO2@SnO2 nanoparticles 

formed when base was not added during the final step in the synthesis of the nanorattles. 

 

 

 

 

 

 

 

AgNO3 

Sodium Citrate/ 
Ascorbic Acid  

KI/120°C  

K-gold 1. TEOS 

2. NH4OH 

1. NaOH, CO(NH2)2  

2. Na2SnO3 

Ag NPs GS-NS NPs GS-NS@SiO2 NPs GS-NS@Void@SnO2 NPs 

(a) (b) 



! 86 

 

Figure 4.2.  (a) SEM image of the Ag nanoparticles and (b) TEM image of GS-NS 

nanoshells; (c) SEM and (d) TEM images of the GS-NS@Void@SnO2(30) nanorattles 

with a thick SnO2 shell (~30 nm); (e) SEM and (f) TEM images of the 

Ag@Au@Void@SnO2(10) nanorattles with a thin SnO2 shell (~10 nm).  

 

 

(a) (b) 

(d) (c) 

(e) (f) 
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4.3.2.  Size and Morphology of the Nanorattles   

Figure 4.2 (a) provides an SEM image of the uniform silver nanoparticles and (b) 

shows a TEM image of the uniform hollow gold-silver nanoshells used to produce the 

nanorattles.  The size of these nanoshell cores is around ~55 nm in diameter.  Figure 4.2 

(c) and (d) show the SEM and TEM images of the hollow gold-silver nanorattles coated 

with a thick tin oxide shell (~30 nm), yielding a composite nanoparticle of ~140 nm in 

diameter.   Figure 4.2 (e) and (f) shows the SEM and TEM images of the hollow gold-

silver nanorattles coated with a thin tin oxide shell (~10 nm), producing a composite 

nanoparticle of ~100 nm in diameter.  All of the images for the nanorattles show the tin 

oxide shell remains intact after removal of the silica shell and contains independent 

hollow gold-silver nanoshells in the void space within the tin oxide shell. 

4.3.3.  Optical Properties of the Nanorattles  

Figure 4.3 shows the extinction spectra for the silica-coated hollow gold-silver 

nanohshells and the two different types of tin oxide-coated hollow gold-silver 

nanorattles; thick-shelled and thin-shelled.  The extinction peak for the silica-coated 

hollow gold-silver nanoshells extends from the visible (~400 nm) to near-infrared range 

(~1000 nm) and the maximum intensity is around 745 nm.  In addition, the small peak at  

~450 nm is likely due to the quadruple mode of the localized surface plasmon resonance 

for the nanoshells.31  After forming the tin oxide-coated nanorattles, both types, the thick-

shelled (red line) and the thin-shelled (green line), produced strong extinction peaks in 

the UV range, a characteristic which is attributed to the tin oxide.12,13  In addition, the 

peak intensity of the nanorattles in the visible region show a slight blue shift as compared 
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to the silica-coated nanoshells, a shift that might be due to small molecules such as water 

or ethanol penetrating into the tin oxide shell and filling the void space surrounding the 

gold-silver nanshells.32  For the materials involved, the refractive index of water is 1.33,33 

which is smaller than silica at 1.46 and tin oxide at 2.2.34,35  Our nanorattles demonstrate 

a broad optical absorption/scattering band that offers potential for enhanced light 

absorption for photocatalytic systems.              

 
Figure 4.3.  UV-vis spectra for the silica-coated hollow gold-silver nanoshells and the 

two types of tin oxide-coated hollow gold-silver nanorattles. 

4.3.4. Dynamic Light Scattering and Zeta Potential Measurements for the 

Nanorattles   

Figure 4.4 shows a bar graph of the size distribution data (the hydrodynamic 

diameters) collected using dynamic light scattering (DLS) for the tin oxide-coated hollow 

gold-silver nanorattles.  The particles appear to produce a broad size distribution, with an 
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average particle size of 167.3 nm, similar to the size determined from Figure 4.2 (c) and 

(d), the SEM and TEM images, respectively.  In addition, we obtained zeta potential 

measurements to determine the surface charge/electric potential on our nanorattles in 

aqueous solution.  The average surface charge for the nanorattles was – 40.0 mV, which 

indicates that there is a negative charge distribution on the surface of the tin oxide shell.  

This highly negative charge can prevent aggregation and indicates that our nanorattles are 

relatively stable in the aqueous phase.36 

                       

Figure 4.4.  DLS data for the size distribution of the ~30 nm tin oxide-coated hollow 

gold-silver nanorattles. 

4.4.5.  EDX Elemental Analysis 

The EDX spectrum indicates the presence of the key elements for the tin oxide-

coated hollow gold-silver nanorattles as shown in Figure 4.5.  The copper peak is from 

the copper tape substrate where we dropped our samples and the sodium peak is from our 

sodium stannate precursor for the synthesis.  In addition, the silicon peak is probably 
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from some residue of silica from the final synthetic steps.  Table 4.1 shows the EDS-

derived atomic concentrations for each element.    

 

Figure 4.5.  EDX spectrum of the ~30 nm tin oxide-coated hollow gold-silver 

nanorattles. 

 

Table 4.1.  EDX-derived Atomic Composition of the ~ 30 nm Tin Oxide Coated 

Nanorattles 

Sample Atomic Concentration (%) 
 Ag Au Sn O Cu Na! Si!

Nanorattles 3 2 17 49 5 11 13 
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4.4.  Conclusions 

Uniform tin oxide-coated hollow gold-silver nanorattles were successfully 

synthesized and characterized by SEM, TEM, DLS, zeta potential measurements, and 

EDS.  The optical properties of these composite nanoparticles show a broad extinction 

band from the UV to near-infrared range.  In addition, zeta potential measurements reveal 

that these particles possess a high negative charge on their surfaces that provide them 

good stability in aqueous solution.  We believe these nanorattle structures, which contain 

hollow gold-silver nanoshells that are present within the void space of their cores, along 

with ultrastable tin oxide shells, can provide a better means of plasmonically enhancing 

photocatalytic reactions, as compared to nanoshells that do not include a non-symmetric 

void space. 

4.5.  Future Work 

The plasmonic enhancement of tin oxide-coated hollow gold-silver nanorattles as 

compared to tin oxide-coated hollow gold-silver nanoshells needs to be demonstrated.  

Additionally, the XRD patterns for these composite nanoparticles needs to be collected.  

The photocatalytic properties of these composite nanoparticles are currently being 

investigated by our collaborators, Professor Tai-Chou Lee at National Central University 

in Taiwan through the Taiwan-U.S. Air Force Nanoscience Program. 
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Chapter 5:  Synthesis and Characterization of Zinc- and Antimony-

doped Tin Oxide-coated Hollow Gold-Silver Nanoshells 

 
5.1. Introduction   

Core-shell nanostructures have a proven ability to enhance photocatalytic 

systems, as was detailed in Chapter 1.  Recently, non-centrosymmetic metal-

semiconductor hybrid structures have demonstrated even better photocatalytic 

enhancement, as compared to standard nanoshells, due to the stronger localization of the 

plasmonic coupling between the interface of the metal and that of the semiconductor.1-2  

In Chapter 4, we introduced this alternative shell architecture, a yolk/shell system, where 

we synthesized tin oxide-coated hollow gold-silver nanorattles and we believed these 

yolk/shell systems offer a promising potential for photocatlaytic applications due to the 

possible interface enhancement.  In this chapter, we develop another strategy for working 

with tin oxide coatings that might also offer a promising opportunity for photocatalytic 

applications.  

  The surface plasmon resonance (SPR) properties of metal nanoparticles have been 

extensively studied during the past few decades and applied in various applications.  

Recently, research involving the surface plasmon resonance of semiconductor 

nanocrystals opened a new direction for such plasmonic materials.3-5  Cu2-xS, Cu2-xSe, 

and Cu2-xTe, a series of "self-doped" nanocrystals, showed tunable plasmonic properties 

depending upon the free charge carrier concentrations and shape of the nanocrystals.6-9  

By introducing Cu vacancies into the Cu2-xS lattice you can generate hole carriers that 
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cause the nanoparticles’ SPR band to blue shift as the dopant concentration increases.  

Recently, Hsu et al. reported the first observation of shape-dependent SPR for these 

nanostructures in the form of Cu2-xS nanodisks that have in-plane and out-of-plane 

dipoles associated with disk geometry.  For the in-plane SPR of these Cu2-xS nanocrystals 

the extinction band red-shifts as the aspect ratio increases, but for the out-of-plane SPR, it 

blue-shifts as the aspect ratio increases.7  In addition, oxygen-deficient metal oxide 

nanocrystals have also shown tunable plasmonic properties by varying the oxygen 

stoichiometry.10-11 Furthermore, doped tin oxide, zinc oxide, and cadmium oxide 

nanostructures have been found to exhibit tunable plasmonic properties by changing the 

dopant concentrations.12  Recent reports indicate that transparent conducting oxides 

(TCO) have potential as photoelectrodes in photoelectrochemical (PEC) reactions due to 

their good electron transport properties and low optical absorption.13  For example, a 480 

nm thick antimony-tin oxide (ATO) film has a high transparency of 90% in the visible 

light range (380−780 nm).14  In addition, these transparent conducting oxide particles 

generally showed a tunable optical absorption at the near and mid-IR range, depending on 

the dopant concentration,15-16 and if used as a coating, these oxides can help extend the 

range of the absorption of our silver-gold nanoshells.  Therefore, we have pursued the 

design of a new series of composite nanoparticles by coating our gold-silver nanoshells 

with transparent semiconducting oxides (doped tin oxides).  Specific targets include 

coatings that consist of antimony-tin oxide (ATO; band gap 2.9-3.8 eV),17 indium-tin 

oxide (ITO; band gap 3.3-4.3 eV),18 and zinc-tin oxide (ZTO; band gap 3.3-3.9 eV);19 for 

reference, the band gap of the undoped tin oxide is ~3.6 eV.20  
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 To pursue these new nanostructures, we started to synthesize our gold-silver 

nanoshells via the modified synthetic method outlined in Chapter 4, and then coated these 

gold-silver nanoshells with the targeted TCO shells by trying various metal oxide salts.  

These reactions were conducted via a hydrothermal method to form the TCO-coated 

hollow gold-silver nanoshells.  After many trials, we successfully synthesized Sb- and 

Zn-doped tin oxide-coated gold-silver nanoshells.  These nanoshells were characterized 

using scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-

ray photoelectron spectroscopy (XPS), and energy-dispersive X-ray spectroscopy (EDX). 

5.2.  Experimental Section 

5.2.1.  Materials  

Silver nitrate (AgNO3; Aldrich), trisodium citrate dihydrate (NaCit; EM Science), 

potassium carbonate (K2CO3; Aldrich), hydrogen tetrachloroaurate(III) hydrate 

(HAuCl4
.H2O; Strem), sodium stannate trihydrate (Na2SnO3

.3H2O; Aldrich), sodium 

antimonite trihydrate (NaSbO3
.3H2O; Alfa Aesar), zinc nitrate hexahydrate 

(Zn(NO3)2
.6H2O; Aldrich), nitric acid (HNO3; EM Science), and hydrochloric acid (HCl; 

EM Science), were purchased from the indicated suppliers and used without 

modification.  Water was purified to a resistivity of 18 MΩ·cm (Academic Milli-Q Water 

System; Millipore Corporation) and filtered using a 0.22 µm filter.  All glassware used in 

the experiments were cleaned in an aqua regia solution (3:1 HCl:HNO3), thoroughly 

rinsed,  and dried in the oven prior to use. 
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5.2.2.  Preparation of Silver Nanoparticle Cores  

The preparation of silver nanoparticles is described in Chapter 4. 

5.2.3.  Preparation of Hollow Gold-Silver Nanoshells 

The preparation of hollow gold-silver nanoshells is described in Chapter 4. 

5.2.4.  Preparation of Zinc-doped Tin Oxide-coated Hollow Gold-Silver Nanoshells 

3 mL of hollow gold-silver nanoshell solution from the previous step was diluted 

to 10 mL in a 50 mL glass pressure vessel and heated to 60°C.  After the solution reached 

60°C, 1 mL of 40 mM Na2SnO3 was added and the contents were stirred for 20 minutes.  

At the same time, 0.095 g Zn(NO3)2
.6H2O was dissolved in 5 mL of H2O.  This solution 

was added to 0.5 mL 1M NaOH solution to form a white precipitate of zinc hydroxide 

Zn(OH)2.  In a second step, an excess amount of base in the form of 4.0 mL 1M NaOH 

solution was added to dissolve the white precipitate to form Na2ZnO2 stock solution.  For 

the third step, 0.2 mL of stock solution was added to the hollow gold-silver nanoshells 

solution and the glass pressure vessel was resealed.  Finally, the nanoshells solution was 

heated to 140°C for another 2 hours.  The solution was then allowed to cool and the 

resulting mixture was centrifuged at 7000 rpm for 15 mins.  After removing the 

supernatant, the residue was re-dispersed in ethanol and centrifuged at 7000 rpm for 15 

mins.  The centrifuging process was repeated with water and ethanol two more times to 

remove small tin oxide nanoparticles, followed by re-dispersing the particles in ethanol 

for further characterization. 
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5.2.5.  Preparation of Antimony-doped Tin Oxide-coated Hollow Gold-Silver 

Nnaoshells 

1 mL of hollow gold-silver nanoshells from the previous step was diluted to 10 

mL in a 50 mL glass pressure vessel and heated to 60°C.  After the solution reached 

60°C, 1 mL of 40 mM Na2SnO3 was added and the contents were stirred for 20 minutes.  

At the same time, we added 0.0124 g of NaSbO3
.3H2O into 5 mL water (10 mM) and 

heated the solution to 90°C to assist in dissolving the antimony compound.  5 mL of the 

10 mM NaSbO3
.3H2O was mixed into the nanoshells solution and the glass pressure 

vessel was sealed.  Finally, the nanoshells solution was heated to 140°C for another 4 

hours.  The solution was then allowed to cool and was centrifuged at 7000 rpm for 15 

mins.  After removing the supernatant, the residue was redispersed in ethanol and 

centrifuged at 7000 rpm for 15 mins.  The centrifuging process was repeated with water 

and ethanol two more times to remove small tin oxide nanoparticles, followed by re-

dispersing the particles in ethanol for further characterization. 

5.2.6.  Characterization 

The morphology of the obtained particles was evaluated using a LEO-1525 SEM 

operating at an accelerating voltage of 15 kV.  To obtain high resolution SEM images, all 

samples were deposited on silicon wafers and allowed to dry.  Similarly, the size and 

morphology of the particles were also evaluated by employing a JEM-2000 FX TEM 

operating at an accelerating voltage of 200 kV.  All TEM samples were deposited on 300 

mesh holey carbon-coated copper grids and dried overnight before analysis.  XPS spectra 

were collected using a PHI 5700 XPS instrument equipped with monochromatic Al Kα 
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X-ray source.  The XPS-derived atomic concentration was calculated by standard XPS 

processing software (Multipak).! ! Energy dispersive spectrometer (EDS) spectra were 

collected using JEOL JSM 6330F Field-emission scanning electron microscope is 

equipped with an EDAX EDS using a TEAM computer-controlled system. 

5.3. Results and Discussion 

5.3.1.  Synthetic Strategy 

The strategy used to prepare our Sb and Zn-doped tin oxide-coated hollow gold-

silver nanoshells is illustrated in Scheme 5.1.  To synthesize the composite nanoparticles, 

we started with the modified citrate reduction silver nitrate method mentioned in Chapter 

4 to prepare the silver nanoparticles.  We then formed the hollow gold-silver nanoshells 

by adding gold salt solution to the silver nanoparticles via galvanic replacement, a 

procedure described in detail in Chapter 2.  These reactions produce the starter nanoshells 

shown in Scheme 5.1, where we produce the hollow gold-silver nanoshells coated with 

tin oxide shells by adding sodium stannate via a hydrothermal method.21  Finally, for 

preparing the Zn- and Sb-doped tin oxide-coated hollow gold-silver nanoshells, we added 

sodium zincate (Na2ZnO2) solution and sodium antimonite (NaSbO3
.3H2O) solution via 

the hydrothermal method to form the composite nanoparticles.   
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Scheme 5.1.  Strategy for the Synthesis of Sb- and Zn-doped Tin Oxide-coated Hollow 

Gold-Silver Nanoshells 

 

 

5.3.2.  Size and Morphology of the Nanoparticles 

Figure 5.1 (a) and (b) shows SEM images of Sb-doped tin oxide-coated hollow 

gold-silver nanoshells and Zn-doped tin oxide-coated hollow gold-silver nanoshells.  

However, these composite nanoparticles are too small for adequate image resolution 

using SEM, making it difficult to determine the core@shell structures.  Figure 5.2 (a) and 

(b) provides TEM images of Sb-doped and Zn-doped tin oxide coated hollow gold-silver 

nanoshells.  The Sb-doped tin oxide-coated hollow gold-silver nanoshells are composed 

of hollow gold-silver nanoshells with an ~55 nm diameter and ~7 nm Sb-doped tin oxide 

shell.  The Zn-doped tin oxide-coated hollow gold-silver nanoshells are composed of 

hollow gold-silver nanoshells with an ~55 nm diameter, but the zinc-doped tin oxide shell 

is ~9 nm. 

Ag@Au@ATO NPs 

Ag@Au@ZTO NPs Ag@Au NPs 

1) Na2SnO3 

2) Na2SbO3 

1) Na2SnO3 

2) Na2ZnO2 
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Figure 5.1.  SEM images of (a) Sb-doped tin oxide-coated hollow gold-silver nanoshells 

and (b) Zn-doped tin oxide-coated hollow gold-silver nanshells.!

(a) 

(b) 
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Figure 5.2.  TEM images of (a) Sb-doped tin oxide-coated hollow gold-silver nanoshells 

and (b) Zn-doped tin oxide-coated hollow gold-silver nanoshells. 

(a) 

(b) 
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5.3.3.  XPS and EDX Elemental Analyses 

 The XPS data confirm the presence of Sn and Sb in the Sb-doped tin oxide-coated 

hollow gold-silver nanoshells (see Figure 5.3).  The binding energy at (BE) ~487 eV and 

~496 eV are attributed to Sn 3d5/2 and 3d3/2, respectively, providing similar peak positions 

to the reported values in the literature.22  However, the determination of antimony was 

complicated by the fact that one of the BE peaks overlaps with a peak associated with 

oxygen.  The peak at ~532 eV can be attributed to either an oxygen (O 1s) peak and/or 

antimony (Sb 3d5/2) peak.  Therefore, we focused on the antimony peak (Sb 3d3/2) where 

the BE is about 9.5 eV higher than that of Sb 3d5/2.  The Sb 3d3/2 peak is located at ~541 

eV, and the ratio reported in the literature between Sb 3d5/2 (~531.4 eV) and Sb 3d3/2 

(~541.3 eV) can be fixed at 1.45.23  Using these parameters, we determined the relative 

presence of the elemental components of the shell.  The Sb doping concentration can be 

calculated by Sb atomic concentration/(Sb+Sn) atomic concentration, which equals 

~10%.  The balance of the XPS-derived atomic concentrations are shown in Table 4.1.  

Similarly, the XPS data show the presence of Sn and Zn in the Zn-doped tin oxide-coated 

hollow gold-silver nanoshells (see Figure 5.4).  The BE peak position of Sn is the same as 

for the Sb-doped tin oxide-coated hollow gold-silver nanoshells.  Figure .4b shows the Zn 

2p3/2 peak is around 1022.5 eV.  As with the Sb-doped nanoparticles, the Zn doping 

concentration can be calculated by Zn atomic concentration/(Zn+Sn) atomic 

concentration, producing a concentration of ~4 %.  The balance of the XPS-derived 

atomic concentrations are shown in Table 5.1. 
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Figure 5.3.  XPS spectra of Sb-doped tin oxide-coated hollow gold-silver nanoshells for 

the peaks associated with the (a) Sn3d and  (b) Sb3d orbitals. 

 

Figure 5.4.  XPS spectra of Zn-doped tin oxide-coated hollow gold-silver nanoshells for 

the peaks associated with the (a) Sn3d and (b) Zn2p orbitals. 
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Table 5.1.  XPS-derived Atomic Composition of the Nanoparticles 

Sample Atomic Concentration (%)a 
 Ag Au Sn O Sb Zn!

Ag@Au@ATO 1 1 18 79 2 - -!

Ag@Au@ZTO 3 1 27 68 - - 1!
                               a Atomic concentrations were calculated using Multipak.  

 

 

Figure 5.5.  (a) EDX spectra of Sb-doped tin oxide-coated hollow gold-silver nanoshells. 

(b) EDX spectra of Zn-doped tin oxide-coated hollow gold-silver nanoshells.  

Ag@Au@ATO NPs 

Sb 

Ag@Au@ZTO NPs 

Zn 

(a) 

(b) 
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           EDX data also showed the presence of Sb and Zn for the Sb-doped and Zn-doped 

tin oxide-coated hollow gold-silver nanoshells as shown in Figure 5.5 (a) and (b).  The 

silicon peaks in both spectra are from the silicon substrate where we dropped our samples.  

The sodium peak present for the Sb-doped tin oxide-coated hollow gold-silver nanoshells 

is probably from the Sb/Sn precursors which were used for our synthesis procedure.  

Table 5.2 shows the EDX-derived atomic concentrations for each element.   In addition, 

we calculated the doping concentration of Sb and Zn by using the same method as was 

used for the XPS calculations, and the results are ~12 % and ~14%, respectively.  We 

obtained an Sb doping concentration consistent with the XPS data, but the Zn doping 

concentration is higher than the XPS result, which might be due to the low concentration 

of the sample prepared for the EDX measurement, leading to a low signal-to-noise ratio. 

 
Table 5.2.  EDX-derived Atomic Composition of the Nanoparticles 

Sample Atomic Concentration (%) 
 Ag Au Sn O Sb Zn! Si!

Ag@Au@ATO 9 5 15 51 2 - - 11 

Ag@Au@ZTO 5 3 6 19 - - 1 65 

                     !
 

5.4. Conclusions 

 We have successfully synthesized Sb-doped and Zn-doped tin oxide-coated 

hollow gold-silver nanoshells.  The morphologies of the composite nanoshells were 

characterized by SEM and TEM.  Elemental analyses by XPS and EDX provided 

evidence of the incorporation of the dopants in our tin oxide coatings, and revealed the 
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atomic percentages of the elements that formed our composite nanoshells.  This is the 

first report of the preparation of TCO-coated gold-silver nanoshells, a set of nanoparticles 

that hold promise for future photocatalytic applications. 

5.5. Future Work     

The optical properties of the nanoshells in the NIR and mid-IR wavelengths need 

to be analyzed.  Additionally, the XRD patterns for these composite nanoparticles need to 

be collected The photocatalytic properties of these composite nanoparticles are currently 

being investigated by our collaborators, Professor Tai-Chou Lee at National Central 

University in Taiwan through the Taiwan-U.S. Air Force Nanoscience Program. 
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Chapter 6: Thermal Stability Study of Monolayer Films on Flat Gold 

Prepared for the Retro Diels-Alder Release of Bromofuran by Thermal 

Activation 

 

6.1. Introduction  

  Gold nanoparticles have proven useful in drug-delivery systems owing to their 

biocompatibility and unique optical properties.  Such metal nanoparticles not only can 

absorb/scatter light, but also produce heat as the energy from the absorbed light 

dissipates.1  This characteristic is useful because the near infrared (NIR) region of light 

(i.e., the "water window") can penetrate deep into human tissue as compared to other 

wavelengths because there is minimal absorption from tissue chromophores and water.2  

Therefore, metal nanoshells whose light absorption occurs in the NIR have been studied 

for photothermal and drug-delivery applications.3-4  Light absorption in this region of the 

electromagnetic spectrum is accomplished by controlling the size of the dielectric core 

and the thickness of the gold shell to form conventional gold nanoshells, and by using 

metal cores as sacrificial templates to form hollow metal nanoshells via galvanic 

replacement.5-6 Moreover, researchers have reported several methods to functionalize 

metal nanoparticles with stimuli responsive materials for drug delivery systems; as an 

example, Yavuz et al. functionalized gold nanocages with a thermally responsive 

polymer for the controlled release of therapeutics using near-infrared light.7  Zhang et al. 

synthesized mesoporous silica-coated gold nanorods to offer a high drug payload,8 using 

NIR laser irradiation to trigger drug release.  Bakhtiari et al. functionalized gold 
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nanoshells with thiol adsorbates that contained a Diels-Alder moiety at the termini of 

these chains, providing for the thermally-activated retro Diels-Alder release of a model 

drug via photothermal heating using NIR irradiation.3  However, information regarding 

the surface characterization of these thiolate monolayers during the photothermal release 

process was lacking in this report. 

  Self-assembled monolayers (SAMs) generated from thiols on flat gold surfaces 

have been studied for many years,9  and the covalent bond between gold and sulfur (Au-

S; also known as the thiolate-gold bond) is strong, with an enthalpy of ~40–45 kcal per 

mole.9-10  Due to this property, these organic thin films have been used for numerous 

applications such as biosensing,11 nanoscale lubrication,12 and the surface modification of 

nanoparticles.3  However, the Au-S bond is known to be subject to cleavage and 

desorption from gold surfaces at elevated temperatures.13  In addition, researchers have 

shown the cleavage of the Au-S bond on gold particle surfaces, a desorption process 

associated with the photothermal effect, decreases the stability of these monolayer-coated 

nanoparticles since the release process reduces the presence of stabilizing surface 

ligands.14 

  Our goal for the current project is to develop thiol adsorbates that contain 

thermally labile linkers and to further functionalize gold nanoshells with these surfactants 

to provide a means of treating degenerative diseases of the macula.  With the application 

of NIR irradiation, the generated heat from the gold nanoshell surfaces provide both the 

photocoagulation of leaky capillaries and the triggering of the release of the drug.  To 

provide a means of securely attaching therapeutic agents to gold surfaces, our group 

developed a new type of bidentate thiol adsorbate that exhibits enhanced thermal stability 
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on gold nanoparticles (~45 nm diameter) as compared to traditional monothiol 

adsorbates.15  For the release mechanism, Diels-Alder is a commonly applied thermally-

reversible organic reaction.  We combined these advantages and synthesized two 

thermally-labile linkers, the monodentate and bidentate adsorbates shown in Figure 6.1, 

and formed SAMs on flat evaporated gold surfaces.  In addition, an octadecanethiol 

(C18SH) SAM was used as a reference standard for purposes of monolayer 

characterization.  The SAMs were analyzed by ellipsometry and X-ray photoelectron 

spectroscopy (XPS).  Furthermore, we evaluated the thermal stability and thermally 

reversible releasing process of the terminal groups for these two SAMs.  The results from 

these studies provide insight into the direction that future research involving these linkers 

should take in developing nanoparticle drug-delivery systems.  

 

Figure 6.1. Structures of the monodentate and bidentate 2-bromofuran-maleimide 

cycloadduct-terminated alkanethiols. 

6.2.  Experimental Section  

 Complete details regarding the materials, procedures, and instrumentation used to 

conduct the research reported herein can be found in Appendix 4. 
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6.3. Results and Discussion 

6.3.1. Measurement of SAM Thickness 

 Table 6.1. Ellipsometric Thickness Measurements versus Previously Reported 

Thicknesses for Organic Thin Films Generated from C18SH, and the Monodentate- and 

Bidentate-2-Bromofuran-Maleimide Cycloadduct-Terminated Alkanethiols    

Absorbate Ellipsometric thickness 
(Å)a Reference thickness (Å) 

C18SH 24 2216 

Monodentate 27 --- 

Bidentate 24 --- 
a The reproducibilites of the ellipsometric thicknesses were within ±2 Å. 
 
 Table 6.1 shows the average ellipsometric thicknesses of the SAMs generated 

from C18SH, along with the monodentate- and bidentate-2-bromofuran-maleimide 

cycloadduct-terminated alkanethiols.  Within experimental error (±2 Å),! the average 

thickness of our C18SH SAMs was closed to the value found in the literature,16 helping 

to confirm the quality of the gold used to form our SAMs and demonstrating that the 

normal alkanethiolate SAM was fully developed.  In addition, the monodentate and 

bidentate adsorbates are of equivalent chain length; however, the bidentate SAM is ~3 Å 

thinner than the monodentate SAM.  This can be rationalized by the fact that the aromatic 

moiety and the two sulfur headgroups for the bidentate adsorbate occupy more space on 

the gold surface, providing more space for the 2-bromofuran-maleimide tailgroups.17  

This allows the tailgroups of the bidentate adsorbates to be more tilted than the 

monodentate adsorbates.  Consequently, the thickness of the bidentate SAM is less than 

that of the monodentate SAM. 
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6.3.2. Thermolysis of Monodentate and Bidentate SAMs as Monitored by XPS  

 An analysis of the XPS data reveals important information regarding the results 

obtained in this study: the nature of the bonds between the headgroups of the adsorbates 

and the substrate and the atomic/elemental composition of the thin films.18  Figure 6.2 (a) 

and Figure 6.3 (a) show that the binding energies for S 2p appear at ~162–163.2 eV, 

indicating the presence of bound thiolate for our monodentate and bidentate adsorbates.19  

For the monodentate SAMs, unbound thiolate (~164–166 eV) and oxidized sulfur (~169 

eV) were not detected; however, for the bidentate SAMs, unbound thiolate (~164–166 

eV) was observed, but not oxidized sulfur.20  The percentage of bound thiolate for the 

bidentate SAM was ~35%, as determined by the deconvolution of the S 2p peaks.   

 

 

Figure 6.2.  XPS spectra for the binding energies associated with (a) S 2p, (b) Br 3d, and 

(c) C1s of the SAMs formed from the monodentate adsorbate at various temperatures. 
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Figure 6.3.  XPS spectra for the binding energies associated with (a) S 2p, (b) Br 3d, and 

(c) C1s of the SAMs formed from the bidentate adsorbate at various temperatures. 

Figure 6.2 (b) and Figure 6.3 (b) confirm the presence of the C-Br bond in the 

initial structure at ~71.0 eV.21  In addition, the carbon XPS spectra confirm the amide C 

peak at a binding energy of ~288.3 eV and the C-C aliphatic bonds at a binding energy of 

~284.6 eV.22  Moreover, the broadness of the C peaks indicate that the monodentate and 

bidentate adsorbates contain other types of C bonds in our structures such as C-Br, C-O, 

and C=C.  Particularly, the C peak for the bidentate SAM at ~285 eV is slightly broader 

than that of the monodentate SAM due to the overlap of the peaks of the methylene 

carbons with those of the carbon atoms of the aromatic rings in the bidentate structure.23 

In the thermolysis study of the monodentate SAM, we monitored our results by 

XPS and collected data at a series of elevated temperatures.  Figure 6.2 shows the peak 

intensities and positions of S, Br, and C for a series of temperature measurements made at 

15° intervals from room temperature to 115 °C.  However, owing to the limitations of a 
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visual analysis of the changes in peak intensity in Figure 6.2, we summarized our results 

in the form of elemental ratios (e.g., S/Au, Br/Au, and C/Au ratio) in Table 6.2.  These 

results show only slight or no change for all ratios from room temperature to 85 °C.  

However, the C/Au ratio decreased ~25% and ~50% at 100°C and 115°C, respectively.  

In addition, the Br/Au ratio decreased ~30% and ~70% at 100°C and 115°C, respectively.  

Regarding these results, both C/Au and Br/Au ratio decreased dramatically at 100°C and 

115°C which means that either the retro Diels-Alder release of the payload occurred or 

the desorption of the adsorbate from the gold surface occurred.  

 
Table 6.2.  XPS Data Results from the Thermolysis of the Monodentate SAM 

Temperature R.T. 35°C 50°C 65°C 85°C 100°C 115°C 

S/Au ratio 
(% change) 0.0057 

 
0.0057 
(0%) 

0.0054 
(-5%) 

0.0054 
(-11%) 

0.0049 
(-14%) 

0.0049 
(-14%) 

0.0049 
(-14%) 

Br/Au ratio 
(% change) 0.017 0.018 

(+6%) 
0.015 

(-12%) 
0.015 

(-12%) 
0.016 
(-6%) 

0.012 
(-29%) 

0.0051 
(-70%) 

C/Au ratio 
(% change) 0.16 0.15 

(-6%) 
0.15 

(-6%) 
0.14 

(-13%) 
0.14 

(-13%) 
0.12 

(-25%) 
0.081 

(-49%) 

 

 Table 6.3 summarizes the collected data for the S/Au, Br/Au, and C/Au ratios for 

the thermolysis study of the bidentate SAM, revealing only slight to no change for all the 

ratios for the data from room temperature to 130°C.  However, all ratios decreased 

dramatically when the temperature was raised to 145°C and then to 160°C, indicating that  

the bidentate adsorbates desorbed form the gold surface. 
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Table 6.3. XPS Data Results from the Thermolysis of the Bidentate SAM 

Temperature R.T. 85°C 100°C 115°C 130°C 145°C 160°C 

S/Au ratio 
(% change) 

0.0225 
 

0.0236 
(+5%) 

0.0228 
(+1%) 

0.0203 
(-10%) 

0.0167 
(-26%) 

0.0048 
(-79%) 

0.0018 
(-92%) 

Br/Au ratio 
(% change) 0.0132 0.0120 

(-9%) 
0.0132 
(0%) 

0.0125 
(-5%) 

0.0125 
(-5%) 

0.0037 
(-72%) 

0.0015 
(-89%) 

C/Au ratio 
(% change) 0.190 0.190 

(0%) 
0.193 
(+2%) 

0.193 
(+2%) 

0.163 
(-14%) 

0.112 
(-41%) 

0.048 
(-75%) 

  

 To obtain quantitative packing densities for the SAMs in this study, we used the 

intensity of the peaks of the bands associated with S 2p and Au 4f binding energies to 

calculate sulfur to gold ratios.  Assuming that the packing density of the C18SH SAM is 

100%, we determined the relative density at room temperature of the monodentate-, and 

bidentate-2-bromofuran-maleimide cycloadduct-terminated alkanethiols were 71% and 

49%, respectively.  Based on these results, our bidentates appear to have the lowest 

packing density of the three SAMs. 
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Table 6.4.  Relative Packing Densities for Organic Thin Films Derived from C18SH, and 

the Monodentate- and Bidentate-2-Bromofuran-Maleimide Cycloadduct-terminated 

Alkanethiols    

Absorbate S/Au Relative packing density 
(%) 

C18SH 0.0080 100 

Monodentate 0.0057 71 

Bidentate 0.0039 49 
a To compare with the SAMs formed from the monodentate absorbates, the S/Au ratio for 
the bidentate SAM was divided by a factor of two.!
 

6.4. Conclusions  

 Two adsorbates formed from a Diels-Alder reaction between a maleimide-

terminated alkanethiol (or dithiol) and bromofuran were successfully synthesized and 

used to form SAMs on evaporated gold surfaces.  In a thermolysis study of these SAMs, 

the monodentate adsorbate desorbed at temperatures higher than 85°C, while the 

bidentate adsorbate desorbed at temperatures higher than 130°C.  Additionally, the 

relative densities of our SAMs were determined and the bidentate SAM proved to be 

more loosely packed than the monodentate film.  Moreover, the percentage of bound 

bidentate thiolate was ~35%, indicating that that SAM was not fully formed.  Therefore, 

further studies are needed for these SAM systems to more completely define their 

usefulness in future research involving drug delivery systems. 

6.5. Future Work 

 For our bidentate molecule, we will need to repeat the synthetic route.  To better 

understand the limitations of our adsorbates, we need to increase the percentage of bound 
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bidentate thiolate during SAM formation.  We also need to determine at what temperature 

the retro Diels-Alder reaction occurs.  Once this data is collected and we have made any 

necessary adjustments, we will functionalize our Diels-Alder linkers on gold nanoshells 

for further applications. 
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Chapter 7:  Conclusions 

 
Plasmonic nanoparticles have been shown to possess potential for a variety of 

applications, such as solar energy conversion and photothermal therapy.  The work 

described in this dissertation primarily focused on (1) the design and synthesis of several 

forms of functionalized hollow gold-silver nanoshells for solar energy-to-fuel and 

photothermal applications, (2) a demonstration of how controlled experiments involving 

the structural parameters of such nanoshells can be used to determine the specific 

parameters necessary to enhance the efficiency of photocatalytic systems, and (3) the 

design of thermally-labile Diels-Alder-modified thiol adsorbates featuring a thermal 

stability test of the triggerable release mechanism for the surface-bound cargo attached to 

the resulting self-assembled monolayers on gold.  Overall, the results obtained from these 

efforts provided useful insight into the direction that these research endeavors should go 

to develop plausible applications. 

In Chapter 2, porous silica-coated hollow gold-silver nanoshells were successfully 

synthesized utilizing a procedure where the porous silica shell was produced prior to 

transformation of the metallic core, providing enhanced control over the 

structure/composition of the bimetallic hollow core.  By varying the reaction time and the 

precise amount of gold salt solution added to a porous silica-coated silver-core template 

solution, composite nanoparticles were tailored to reveal a readily tunable surface 

plasmon resonance that could be centered across the visible and near-IR spectral regions 

(~445–800 nm).  Characterization by X-ray photoelectron spectroscopy, energy-

dispersive X-ray spectroscopy, scanning electron microscopy, and transmission electron 
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microscopy revealed that the synthetic methodology afforded particles having uniform 

composition, size, and shape.  The optical properties were evaluated by 

absorption/extinction spectroscopy.  The stability of colloidal solutions of our composite 

nanoparticles as a function of pH was also investigated, revealing that the nanoshells 

remain intact over a wide range of conditions (i.e., pH 2–10).  The facile tunability, 

enhanced stability, and relatively small diameter of these composite particles (~110 nm) 

makes them promising candidates for use in tumor ablation and/or as photothermal drug-

delivery agents.   

In Chapter 3, hollow gold-silver (GS-NS) nanoshells that provide a tunable 

surface plasmon resonance were employed to facilitate charge separation of photo-

excited carriers.  Zinc indium sulfide (ZIS), a visible light-active photocatalyst where the 

band gap varies with the [Zn]/[In] ratio, was used in the form of ZnIn2S4 (Eg= 2.25 eV) as 

a model system to investigate the mechanisms of plasmonic enhancement associated with 

the nanoshells.  Three types of GS-NS cores with intense absorptions at ~500, 700, and 

900 nm were used as seeds for preparing GS-NS@ZIS core-shell structures via a 

microwave-assisted hydrothermal reaction, yielding core-shell particles in the range of 

200 nm.  In addition, an interlayer of silica (SiO2) between the GS-NSs and the ZIS 

photocatalyst was used as a dielectric material that provided another parameter to 

distinguish the charge-transfer mechanism.  In particular, the direct transfer of hot 

electrons from the GS-NSs to the ZIS photocatalyst is blocked by this layer.  The highest 

hydrogen gas evolution rate was observed for particles with an ~700 nm peak SPR 

absorption and ~17 nm SiO2 interlayer, yielding a rate 2.6 times higher than the GS-NS 

absent ZIS.  Apparent quantum efficiencies for these core-shell particles were recorded 
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and compared to the absorption spectra.  In addition, charge-transfer mechanisms were 

proposed based on our experimental findings. 

In Chapter 4, tin oxide-coated hollow gold-silver nanorattles were synthesized via 

a hydrothermal method by simply using a silica shell on the hollow gold-silver core as a 

template for growing the tin oxide shell, and then allowing that intermediate layer to etch 

away.  By varying the amount of tin precursor, we tuned the thickness of the tin oxide 

shell.  The resulting particles were characterized by scanning electron microscopy, 

transmission electron microscopy, dynamic light scattering, zeta-potential analysis, 

energy-dispersive X-ray spectroscopy.  The tin oxide-coated hollow gold-silver 

nanorattles were composed of ~55 nm hollow gold-silver nanoshells as the cores with 

~10 to ~30 nm tin oxide shells, producing nanorattles with total sizes of ~100 to ~140 nm 

in diameter.  In addition, our tin oxide-coated hollow gold-silver nanorattles showed a 

broad optical extinction band that ranged from the UV-vis to the near infrared.  Due to 

the broad coverage of the optical properties for our nanorattles, they represent promising 

candidates for use in solar energy-to-fuel applications. 

In Chapter 5, zinc- and antimony-doped tin oxide-coated hollow gold-silver 

nanoshells were synthesized via a hydrothermal method by simply incorporating zinc 

salts and antimony salts into tin precursor solutions.  Scanning electron microscopy and 

transmission electron microscopy images showed the morphology of these core@shell 

structures and provided a means of estimating their size (~60–70 nm).  Elemental 

analysis using X-ray photoelectron spectroscopy and energy-dispersive X-ray 

spectroscopy confirmed the successful incorporation of these metals into the tin oxide 
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shells.  The average dopant concentrations of the antimony- and zinc-doped tin oxide-

coated hollow gold-silver nanoshells as determined by X-ray photoelectron spectroscopy 

and energy dispersive spectroscopy were found to be 11% and 9%, respectively.  Such 

dopants can be used to generate minor changes in the semiconductor properties of tin 

oxide coatings on a variety of nanoparticle surfaces, providing a means of examining the 

role of such coatings as interlayers between plasmonically active metal particles and the 

surrounding matrix.  Therefore, these nanostructures show great potential for future solar 

energy applications.   

In Chapter 6, two 2-bromofuran-maleimide cycloadduct-terminated (Diels-Alder 

type) alkanethiols having either mondentate or bidentate character were synthesized and 

used to form self-assembled monolayers (SAMs) on evaporated gold surfaces.  These 

initial tests were pursued to optimize a thermally-activated retro-Diels-Alder release 

mechanism for SAMs formed on plasmonically active gold nanoshells upon exposure to a 

near-infrared laser.  The ultimate goal of this project was to develop methods of 

delivering drugs or other forms of medicinal treatments to the macula of the human eye.  

The SAMs were characterized by ellipsometry and X-ray photoelectron spectroscopy.  

The relative packing density of monodentate and bidentate thiol in the SAMs were ~72% 

and ~49%, respectively, as compared to the packing density in a reference SAM formed 

from octadecanethiol.  Furthermore, thermolysis studies of the monodentate and bidentate 

SAMs were monitored by XPS under elevated temperature conditions.  The monodentate 

adsorbate desorbed from the gold surface at temperatures higher than 85 °C, while the 

bidentate adsorbate desorbed at temperatures above 130 °C.  However, the temperature 
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required to activate the retro Diels-Alder reaction to release the surface-bound moiety 

needs further investigation. 

In summary, I successfully synthesized silica- and porous silica-coated hollow 

gold-silver nanoshells and demonstrated plasmonic enhancement for photocatalytic 

reactions.  In addition, I also successfully synthesized tin oxide-coated hollow gold-silver 

nanorattles and metal-doped tin oxide-coated hollow gold-silver nanoshells; however, the 

performance of these particular nanostructures for enhancing photocatalytic reactions is 

still under investigation.  Moreover, I successfully synthesized two 2-bromofuran-

maleimide cycloadduct-terminated (Diels-Alder type) alkanethiol adsorbates, one a 

monothiol and the other a dithiol, but their thermal activation properties for releasing a 

drug or other forms of medicinal treatment still needs further investigation. 

 

 

 

!
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Appendix 1. Gold Nanoshells with Tin Oxide Core 

 

 

Figure A1.1. SEM image of tin oxide nanoparticles. 
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Figure A1.2. SEM image of gold naoshells with tin oxide core. 
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Figure A1.3. UV-vis spectra of gold nanoshells with tin oxide core. 
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Appendix 2. Alternative Strategy for Synthesizing Porous Silica-coated Gold-

Silver Nanoshells 

 

A2.1.  Alternative Strategy for Synthesizing Porous Silica-coated Gold-Silver 

Nanoshells 

 We tested a second synthesis strategy for generating porous silica-coated hollow 

gold-silver nanoshells (Au-Ag@porous SiO2 nanoshells); however, the results were less 

satisfactory. This alternative procedure is illustrated in Scheme A2.1.  First, we 

synthesized the silver nanoparticle (NP) cores.  Second, we added the gold solution to 

displace silver from the NPs by galvanic replacement.  Third, we coated the hollow 

nanoshells with a silica shell.  Finally, we added base (NaOH) to make the silica shells 

porous, forming the Au-Ag@porous SiO2 nanoshells.  In the course of these studies, we 

found that the porous silica coating is needed during the galvanic replacement reaction; 

otherwise, the gold replaces the silver too quickly, and tuning the SPR is not as 

straightforward with this procedure as with the synthesis strategy outlined in the main 

text.   

Scheme A2.1.  Alternative Strategy for the Synthesis of Porous Silica-coated Hollow 

Gold-SilverNanoshells.
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Synthesis of Silver Nanoparticles.   

 We used the same method described in the main text. 

Alternative Preparation of Hollow Gold-Silver Nanoshells.   

 A solution of K-gold was prepared as described in the main text.  This solution 

was then added to the silver NPs, and the mixture was allowed to react for various 

intervals of time.  Typically, the silver nanoparticle solution was placed in small vials 

with small stir bars to provide vigorous stirring.   Selected amounts of K-gold solution 

were added to separate vials.  Each solution was continually stirred, and the SPR band 

was tracked using UV-vis measurements until the SPR band stopped shifting.  The 

mixture was purified by centrifugation at 6000 rpm for 20 min, and the supernatant was 

then decanted.  The isolated composite particles were re-dispersed in water prior to 

characterization. 

Preparation of Porous Silica-coated Hollow Gold-Silver Nanoshells.   

 This method is the same as that used in the paper for the preparation of the porous 

silica-coated silver nanoparticles. 

Analysis of the Nanoshells Prepared Using the Alternative Strategy.   

 SEM and TEM images of the resulting composite particles were collected and are 

shown in Figure A2.1.  The SEM and TEM images in Figure A2.1.a and b, respectively, 

show the Au-Ag@SiO2 nanoshell structures prior to base exposure, exhibiting a silica 

shell thickness of ~20 nm.  Similarly, Figure A2.1.c and d show the SEM and TEM 

images, respectively, of the Au-Ag@porous SiO2 nanoshell structures.  Note that the 
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silica shell thickness remains ~20 nm, and a porous silica interface at the inner surface of 

the silica shell has developed 

 

 

 

 

    

 

 

Figure A2.1.  (a) SEM and (b) TEM images of the silica-coated hollow gold-silver 

nanoshells before etching.  (c) SEM and (d) TEM images of the final porous silica-coated 

hollow gold-silver nanoshells derived from the second synthetic strategy.  

 

A2.2.  Colloidal Recovery of the Nanoshells Held at pH 3 for 24 Hours 

 As described in the manuscript, we examined the colloidal stability of the 

nanoshells held at pH 3 for 24 h by subsequently adding mild base (NH4OH) to raise the 

pH to 8.  We observed in the collected UV-vis spectra that the SPR band substantially 

recovered its original position and intensity (see Figure A2.2.a).  Figure A2.2.b is a TEM 

image of the silica-coated nanoshells that were exposed to pH 3 for 24 h.  Additionally, 

the TEM image in Figure A2.2.c shows a typical silica-coated nanoshell after increasing 

the pH to 8, demonstrating that these Au-Ag@porous SiO2 nanoshells remain intact after 

exposure to a pH 3 solution for 24 h. 

!

(a) 
A

(b) 

(d) 
(c) 
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!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !
Figure A2.2. (a) UV-vis spectra of the porous silica-coated hollow gold-silver nanoshell 

solutions before adjustment of the pH (standard; black), and after adjustment to pH 3 for 

24 h, with spectra both before (red) and after (green) adding NH4OH to adjust the pH to 

8.  (b) TEM image of the porous silica-coated hollow gold-silver nanoshells after 

exposure to pH 3 solution for 24 h.  (c) TEM image of the porous silica-coated hollow 

gold-silver nanoshells exposed to pH 3 solution for 24 h, followed by adjustment to pH 8 

by adding mild base (NH4OH). 
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Appendix 3. Plasmonically Enhanced Photocatalytic Hydrogen 

Production from Water: The Critical Role of Tunable Surface Plasmon 

Resonance from Gold-Silver Nanoshells 
 

 

Figure A3.1.  SEM image of silver nanoparticles. 
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Figure A3.2. a, c, and e: SEM image of GS-NS(500, 700, 900)@SiO2, where the average 

thickness of SiO2 is ~17 nm; b, d, and f: GS-NS(500, 700, 900)@SiO2, where the average 

thickness of SiO2 is ~42 nm. 

  

(a) (b) 

(c) (d) 

(e) (f) 
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Sample notation:  

bare: bare ZIS, 500: GS-NS SPR absorption at 500 nm, 700: GS-NS SPR absorption at 

700 nm, 900: GS-NS SPR absorption at 900 nm. 

 

Figure A3.3. (a): Hydrogen production rate of various GS-NS@ZIS samples. No SiO2 

interlayer was deposited onto the GS-NS surface.  
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Figure A3.3. (b): Hydrogen production rate of various GS-NS@SiO2@ZIS samples. The 

thickness of SiO2 interlayer is ~17 nm. 

 

 

Figure A3.3. (c): Hydrogen production rate of various GS-NS@SiO2@ZIS samples. The 

thickness of SiO2 interlayer is ~42 nm. 
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Figure A3.4. UV-visible spectrum and apparent quantum yield of GS-NS(700)@ZIS 

particle. 
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Appendix 4. Experimental Procedures for Thermal Stability Study 

of Monolayer Films on Flat Gold Prepared for the Retro Diels-Alder 

Release of Bromofuran by Thermal Activation 

 
A4.1. Material 

Furan, N-bromosuccinimide, ω-pentacalactone, lithium aluminum hydride 

(LiAlH4), potassium carbonate (K2CO3), thiolurea ((NH2)2CS)), dimethyl 5-

hydroxyisophthalate, 1,10-dibromodecane, methanesulfonyl chloride (MsCl), 

triethylamine (Et3N), and octadecanethiol (C18SH) were purchased from Sigma-Aldrich.  

Maleimide, and potassium iodide (KI) were purchased from Alfa Aesar.  Sodium meta-

bisulfite (Na2S2O3) was purchased from Fisher.  Tetrahydrofuran (THF), acetonitrile 

(CH3CN), diethyl ether (Et2O), dichloromethane (DCM), and N, N-dimethylformamide 

(DMF) were purchased from Sigma Aldrich.  Hexanes, ethyl acetate (EtOAc), and 

acetone were purchased from Mallinckrodt Chemicals.  Anhydrous ethanol (EtOH) was 

purchased from Decon Lab, Inc.  Distilling over calcium hydride gave dry 

tetrahydrofuran.  Silica gel for column chromatography was obtained from Sorbent 

Technologies. 

 

A4.2. Synthetic Procedures 

The synthetic routes used to prepare the monodentate 2-bromofuran-malimide 

cycloadduct alkanethiols and bidentate 2-bromofuran-malimide cycloadduct alkanethiols 

are shown in Scheme A4.1 and A4.2, respectively. 
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Scheme A4.1.  Synthesis of Monodentate 2-Bromofuran-maleimide Cycloadduct-
terminated Alkanethiols 

 
 

Scheme A4.2.  Synthesis of Bidentate 2-Bromofuran-maleimide Cycloadduct-
terminated Alkanethiols 

 
 

A4.2.1.  (4R, 7R)-4-bromo-2-(2-mercaptoethyl)-3a,4,7,7a-tetrahydro-1H-4,7-

epoxyisoindole- 1,3(2H)-dione  

2-Bromofuran (1). A solution of N-bromosuccinimide (5.4 g, 30 mmol) in DMF (20 

mL) was slowly added into a 2 neck round-bottom flask (100 mL) containing a DMF 

solution (5 mL) of furan (3.0 g, 44 mmol) dropwise via additional funnel.  After stirred 

overnight at room temperature and the reaction mixture was heated for 1h at 100–110°C 

to distill out unreacted furan.  Then, steam distillation was performed with water at 100–

120°C until no organic product was presented in the distillate.  The distillate was washed 

with water (3 × 30 mL) to remove traces of DMF and brine (1 × 15 mL).  The resulting 

organic phase was dried over anhydrous Na2SO4 and filtered to produce colorless 
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solution product (2.4 g, 53% yield).  1H NMR (500 MHz, CDCl3): δ 7.41 (m, 1H), 6.37 

(m, 1H), 6.30 (m, 1H). 

(4R, 7R)-4-Bromo-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole- 1,3(2H)-dione (2).  A 

reaction mixture of 2-bromofuran (0.45 g, 3.1 mmol), maleimide (0.25g, 2.5 mmol), 

acetonitrile (20 mL) in a pressure vessel was heated for 24 h at 90°C.  After cooling to 

room temperature, a reactant mixture was concentrated, filtered, and washed with cold 

diethyl ether to remove unreacted maleimide.  The crude product (0.5g)mixture was used 

in the next step without further purification. 

1,15-Petadecanediol (3).  A THF dispersion (8 mL) of LiAlH4 (0.25 g, 6.5 mmol) was 

stirred for 5 min at room temperature under nitrogen.  A solution of ω-pentacalactone 

(0.54g, 2.2 mmol) in dry THF (7 mL) was added to the flask containing the reaction 

mixture in an ice bath under nitrogen.  The reaction mixture was stirred for 2 h at 75°C.  

After cooling to 0°C, 2 mL of 2 M NaOH was added and stirred for another 30 min.  The 

mixture was extracted with diethyl ether (3 × 15 mL) and washed with brine, dried over 

anhydrous Na2SO4, filtered, and concentrated to the product (0.4 g, 73% yield). 1H NMR 

(500 MHz, CDCl3): δ 3.63 (m, 4H), 1.56 (m, 4H), 1.2-1.4 (m, 22H).  

1,15-Diiodopentadecane (4).  A mixture of P2O5 (1.2 g, 4.2 mmol), 3 mL of 97% H3PO4, 

and KI (1.44g, 8.70 mmol), and 1,15-pentadecanediol (0.367g, 1.50 mmol) was refluxed 

for 3 h at 115°C under nitrogen.  After cooling to room temperature, the reaction mixture 

was diluted with 60 mL of solvent mixture of Et2O and water (v:v, 1:1) and extracted 

with Et2O (3 × 30 mL).  Combined organic phase was washed with water (3 × 30 mL), 

brine (1 × 30 mL), and 10% Na2S2O3 (1 × 30 mL).  The organic layer was dried over!

anhydrous Na2SO4, filtered, and concentrated to produce 1,15-diiodopentadecane (0.52 g, 
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91% yield). 1H NMR (500 MHz, CDCl3): δ 3.18 (t, J = 7.45 Hz, 4H), 1.81 (m, 4H), 1.2-

1.4 (m, 22H).  

(4R,7R)-4-Bromo-2-(2-iodoethyl)-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole- 

1,3(2H)-dione (5).  A reaction mixture of compound 2 (0.24 g, 1.0 mmol), 1,10 

diiodopentadecane (0.52 g, 1.1 mmol), potassium carbonate (0.46 g, 3.3mmol), and 

acetone (40 mL) was stirred for 24 h at room temperature. The resulting organic phase 

was condensed by rotary evaporator.  After addition of dichloromethane and water  (v:v, 

1:1)(40 mL each), the aqueous layer was extracted with dichloromethane (3 × 40 mL).  

Combined organic phase washed with water (3 × 100 mL), brine (1 × 100 mL), and 10% 

Na2S2O3 (1 × 50 mL).  The organic layer was dried over anhydrous Na2SO4, filtered, and 

concentrated to give crude product.  The crude product was purified by column 

chromatography (hexanes:EtOAc = 6:4) to provide 0.216 g of product (0.37 mmol, 37% 

yield). 1H NMR (500 MHz, CDCl3): δ 6.54 (s, 2H), 5.24 (s, 2H), 3.5 (t, J = 5.7 Hz, 2H), 

3.18 (t, J = 6.87 Hz, 2H), 3.03 (d, J = 1.15, 2H), 1.81 (m, 4H) 1.2-1.4 (m, 22H). 

(4R, 7R)-4-Bromo-2-(2-mercaptoethyl)-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole- 

1,3(2H)-dione (6).  Compound 5 (0.2 g, 0.3 mmol) and thiourea (0.09g, 1 mmol) was 

mixed in 10 mL of ethanol and heated for 24 h at 60°C.  The solvent was removed by 

rotary evaporation and the solid residue was dissolved in 8 mL of water and added 

sodium metabisulfite (0.2g, 1 mmol) followed by 12 mL of dichloromethane. The 

reaction was refluxed for 4 h at 50°C.  The reaction mixture was cooled to room 

temperature and organic layer was separated.  The aqueous layer was extracted with 

dichloromethane (3 × 10 mL). Combined organic phase was washed with water (3 × 40 

mL) and brine (1 × 40 mL).  The organic layers was dried over anhydrous Na2SO4, 
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filtered, and concentrated to provide crude product.  The crude product was purified by 

column chromatography (hexanes:EtOAc = 5:5) to give provide 0.1 g of product was 

(0.21 mmol, 59% yield).  1H NMR (500 MHz, CD3CN): δ 6.58 (m, 1H), 6.54 (d, Hz 1H), 

5.12 (d, J = 2.29 Hz 1H), 3.41 (t, J = 7.16 Hz, 2H), 3.08 (d, J = 1.15 Hz, 1H), 2.49 (q, J = 

7.45, 2H), 1.59-1.48 (m, 4H), 1.38-1.25 (m, 22H). 13C NMR (100 MHz, CDCl3): δ 

174.68, 172.16, 141.64, 137.26, 89.55, 80.41, 51.21, 50.79, 29.38, 34.18, 29.73, 29.70, 

29.53, 29.55, 29.18, 28.50, 27.67, 24.79.  

A4.2.2. (4R,7R)-2-((3,5-Bis(mercaptomethyl)phenoxy)methyl)-4-bromo-3a,4,7,7a 

tetrahydro-1H-4,7-epoxyisoindole- 1,3(2H)-dione 

 3.5-Bis(hydroxymethyl)phenol (7).  The synthesis of this compound 7 followed by our 

group previous procedure.  LiAlH4 (0.50 g, 13 mmol) was dissolved in 15 mL dry THF 

and stirred for 5 min at room temperature under nitrogen.  The mixture was cooled to 0° 

C and a solution of dimethyl 5-hydorxyisophthalate (0.48 g, 2.2 mmol) in 15 mL of dry 

THF was added dropwise.  The reaction mixture was brought to room temperature and 

then was refluxed for 4 h at 75°C.  The mixture was cooled to 0°C and an aqueous H2SO4 

solution (10%) was carefully added to the mixture until no more hydrogen evolved. The 

reaction mixture was filtered to remove solid phase.  The liquid phase was dried over 

anhydrous Na2SO4, filtered, and concentrated to produce 0.29 g of product (1.8 mmol, 

81% yield).  1H NMR (500 MHz, CD3OD): δ 6.79 (s, 1H), 6.69 (s, 2H), 4.50 (s, 4H). 

(5-(Bromomethoxy)-1,3-phenylene)dimethanol (8).  A reaction mixture of compound 7 

(0.28 g, 1.8 mmol), 1,10-dibromodecane (0.6 g, 2 mmol), and potassium carbonate 

(0.75g, 5.4 mmol) in 25 mL of acetonitrile was refluxed for 12 h at 85°C.  The solvent 

was evaporated by rotary evaporation.  Water (25 mL) and diethyl ether (25 mL) were 
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added to dissolve the salts and the product.  The aqueous layer was extracted with diethyl 

ether (3 × 25 mL).  The combined organic layers were washed with water (3 × 100 mL) 

and brine (1 × 50 mL), dried over Na2SO4, filtered, and concentrated in vacuum to give 

crude product.  The crude product was purified by column chromatography on silica gel 

using 100% EtOAc as an eluent.  The product was obtained (0.3 g, 45% yield). 1H NMR 

(500 MHz, CDCl3): δ 6.93 (s, 1H), 6.84 (s, 2H), 4.67 (d, J = 6.3, 4H), 3.96 (t, J = 6.87, 

2H), 3.40 (t, J = 6.87, 2H), 1.88 (m, 2H), 1.80 (m, 2H), 1.2-1.4 (m, 12H).  

(4R,7R)-2-((3,6-Bis(hydroxymethyl)phenoxy)methyl)-4-bromo-3a,4,7,7a-tetrahydro-

1H-4,7-epoxyisoindole-1,3(2H)-dione (9).  Following the procedure described for 8, a 

solution of compound 2 (0.18 g 7.2 mmol) and potassium carbonate (0.33 g, 2.4 mmol)  

in 25 mL of acetonitrile was refluxed for 36 h at 65°C to give the crude product.  The 

crude product was purified by column chromatography on silica gel using 80% EtOAc in 

hexane as an eluent.  The product was obtained (0.1 g, 25% yield). 1H NMR (500 MHz, 

CDCl3): δ 6.92 (s, 1H), 6.84 (s, 2H), 6.53 (s, 2H), 5.22 (s, 1H), 4.66 (s, 4H), 3.95 (t, J = 

6.3, 2H), 3.49 (t, J = 6.3, 2H), 3.02 (m, 2H), 1.75 (m, 4H), 1.2-1.45 (m, 12H). 

(5-(((4R,7R)-4-Bromo-1,3-dioxo-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindol-2(3H)-

yl)methoxy)-1,3-phenylene)bis(methylene) dimethanesulfonate (10). The procedure 

can be found in the literature.1  Compound 9 (0.1g, 0.2 mmol)  and triethylamine (0.06 

mL, 0.4 mmol) in 10 mL of THF was stirred for 30 min at room temperature.  The 

reaction flask was then placed in an ice bath, methanesulfonyl chloride (0.03 mL, 0.4 

mmol) was added slowly into the reaction mixture. The ice bath was then removed, and 

the reaction was stirred for 4 h at room temperature. After completion of the reaction,  

excess methanesulfonyl chloride was destroyed by adding 10 mL of water.  The mixture 
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was extracted with diethyl ether (3 × 10 mL) and washed with 2.0 M HCl solution (1 × 

10 mL) and water (2 × 40 mL).  The organic phase was dried dried over anhydrous 

Na2SO4, filtered, and concentrated to prvide product (0.1g, 80% yield).  The product was 

used in the next step without further purification.  1H NMR (500 MHz, CDCl3): δ 7.01 (s, 

1H), 6.94 (s, 2H), 6.50 (s, 2H), 5.23 (s, 1H), 5.19 (s, 4H), 3.95 (t, J = 6.3, 2H), 3.49 (t, J =  

6.3, 2H), 2.97 (s, 6H), 2.82 (s, 2H), 1.8 (m, 4H), 1.2-1.45 (m, 12H). 

(4R,7R)-2-((3,5-Bis(mercaptomethyl)phenoxy)methyl)-4-bromo-3a,4,7,7a 

tetrahydro-1H-4,7-epoxyisoindole- 1,3(2H)-dione (11). The procedure is the same as 

synthesis of compound 6.  A mixture of Compound 10 (0.1 g, 0.2 mmol) and thiourea 

(0.23 g, 0.30 mmol) in 5 mL of acetone was heated for 24 h at 55°C.  The solvent was 

removed by rotary evaporation and the solid residue was dissolved in 4 mL of water and 

added sodium metabisulfite (0.057g, 0.3 mmol) follow by adding 6 mL of 

dichloromethane.  The reaction was refluxed for 4 h at 50°C additionally.  The reaction 

was cooled to room temperature and organic layer was separated.  The aqueous layer was 

extracted with dichloromethane (3 × 5 mL).  Combined organic phase was washed with 

water (3 × 20 mL) and brine (1 × 10 mL), dried over anhydrous Na2SO4, filtered, and 

concentrated to give product (0.05 g) and the product need further purifications.  1H 

NMR  (500 MHz, CDCl3): δ 6.84 (s, 1H), 6.74 (s, 2H), 6.54 (s, 2H), 5.23 (s, 1H), 5.19 (s, 

4H), 3.94 (t, J = 6.3, 2H), 3.68 (d, J = 7.45, 4H), 3.49 (t, J = 6.3, 2H), 3.03 (s, 2H), 1.76 

(m, 4H), 1.2-1.46 (m, 12H). 
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A4.3.  Preparation of Monolayers 

 Organic thin films were prepared by immersing slides (1 × 4 cm) of freshly 

prepared gold-coated silicon wafers in ethanolic and THF solutions containing the 

appropriate 2-bromofuran-maleimide cycloadduct alkanethiols at 1 mM concentration.  

The glass vials containing the solutions were previously cleaned with piranha solution 

(3:1 mixture of concentrated H2SO4 / 30 wt% H2O2) and rinsed thoroughly with copious 

amounts of deionized water and finally with ethanol. Caution: piranha solution is highly 

corrosive, should never be stored, and should be handled with extreme caution.  We also 

prepared SAMs using normal octadecanethiol (C18SH) as a reference since 

octadecanethiol provides well-defined organic thin films on flat gold surfaces.  All slides 

were incubated for 48 h, rinsed thoroughly with ethanol, THF, ethanol and then dried 

with a gentle stream of ultrapure nitrogen before analysis.  

 

A4.4. Characterization of Monolayers         

A4.4.1.  Ellipsometric Film Thickness Measurements.  

The thicknesses of the monolayers were determined using a Rudolph Research 

Auto EL III ellipsometer equipped with a He-Ne laser (632.8 nm) with the fixed incident 

angle was fixed at 70°.  The refractive index of the sub-layer was set to 1.45, in 

accordance with the established protocol. The calculated thickness for each sample was 

the average of the data collected for measurements made at six points (i.e., three different 

points for each slide).  
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A4.4.2. X-ray Photoelectron Spectroscopy (XPS).   

XPS spectra of the SAMs were obtained using a PHI 5700 X-ray photoelectron 

spectrometer with monochromatic Al Ka X-ray source (hn = 1486.7 eV) incident at 90° 

relative to the axis of the hemispherical energy analyzer.  Spectral data were collected 

using a take off angle of 45° from the surface and a pass energy of 23.5 eV.  The binding 

energies were referenced to the Au 4f7/2 peak at 84.0 eV. 
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! Synthesis and characterization of antimony- and zinc-doped tin oxide-coated hollow 

gold-silver nanoshells. 
! Collaboration with several professors for the application of nanoparticles in SERS, 

lithium ion batteries, and photocatalytic reactions. 

Teaching Experience   
Organic Chemistry Problem-Solving Class Instructor         2013 – 2014   
Undergraduate Student Research Mentor        2013 – present 
! Ms. Sophia Ewens         2013 – 2014 
! Mr. Robert Dimaunahan                                                2014 – present                                                                       

Welch High School Scholar Mentor                June 2013 
Organic Chemistry Lab Teaching Assistant                      Spring 2013 
General Chemistry Lab Teaching Assistant           2009 – 2012   
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Work Experience 
Republic of China Army 
Chemistry Corporal                 2008 – 2009
                                               

Publications  

1. Li, C.-H.; Li, M.-C.; Jamison, A. C.;  Liu, S.-P.; Lee, T. R.; Lee, T.-C.  Plasmonically 

Enhanced Photocatalytic Hydrogen Production from Water: The Critical Role of 

Tunable Surface Plasmon Resonance from Gold-Silver Nanoshells.  Manuscript in 

preparation.  

2. Khantamat, O.; Li, C.-H.; Yu, F.; Jamison, A. C.; Shih, W.-C.; Cai, C.; Lee, T. R.  

Gold Nanoshell-decorated Silicone Surfaces for the NIR Photothermal Destruction of 

Pathogenic Bacterium E. faecalis.  ACS Appl. Mater. Interfaces, 2015, 7, 3981–3993.  

3. Zeng, J.; Zhao, F.; Li, M.; Li, C.-H.; Lee, T. R.; Shih, W.-C.  Morphological Control 

and Plasmonic Tuning of Nanoporous Gold Nanoparticles by Surface Modifications.  

J. Mater. Chem. C 2015,!3, 247–252. 

4. Li, C.-H.; Jamison, A. C.; Rittikulsittichai, S.; Lee, T.-C.; Lee, T. R.  In-Situ Growth 

of Hollow Gold-Silver Nanoshells within Porous Silica Offers Tunable Plasmonic 

Extinctions and Enhanced Colloidal Stability.  ACS Appl. Mater. Interfaces 2014, 6, 

19943–19950. 

5. Zeng, J.; Zhao, F.; Qi, J.; Li, Y.; Li, C.-H.; Yao, Y.; Lee, T. R.; Shih, W.-C.  Internal 

and External Morphology-dependent Plasmonic Resonance in Monolithic 

Nanoporous Gold Nanoparticles.  RSC Adv. 2014, 4, 36682–36688.      

6. Lee, F.-Y.; Yang, K.-Y.; Wang, Y.-C.; Li, C.-H.; Lee, T. R., Lee, T.-C.  

Electrochemical Properties of An AgInS2 Photoanode Prepared Using Ultrasonic-

assisted Chemical Bath Deposition.  RSC Adv. 2014, 4, 35215–35223. 
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7. Zhao, F.; Zeng, J.; Arnob, M. M. P.; Sun, P.; Qi, J.; Motwani, P.; Gheewala, M.; Li, 

C.-H., Paterson, A.; Strych, U.; Raja, B.; Willson, R. C.; Wolfe, J. C.; Lee, T. R.; 

Shih, W.-C.  Monolithic Nanoporous Gold Disks with High-density Internal 

Plasmonic Hot-spots and Highly Tunable Plasmonic Properties.  Nanoscale 2014, 6, 

8199–8207.   

8. Lee, H. J.; Jamison, A. C.; Yuan, Y.; Li, C.-H.; Rittikulsittichai, S.; Rusakova, I.; Lee, 

T. R.  Robust Carboxylic Acid-terminated Organic Thin Films and Nanoparticle 

Protectants Generated from Bidentate Alkanethiols.  Langmuir 2013, 29, 10432–

10439.      

Presentations  

"Functionalized Gold Nanoshells with Thermally-labile Linkers for 
Controlled Drug Release" (Poster)  
247th ACS National Meeting, Dallas, Texas                                                     Mar.    2014 

"Tunable Plasmonic Nanoparticles for Solar Energy Applications" 
(Poster)  
The 11th Taiwan-U.S. Air Force Nanoscience Program Review & 
Workshop, 
National Dong Hwa University, Hualien, Taiwan                                            May    2014 

"In-Situ Growth of Hollow Gold-Silver Nanoshells within Porous 
Silica Offers Tunable Plasmonic Extinctions and Enhanced Colloidal 
Stability" (Oral) 
The 3rd Texas Soft Matter Meeting, University of Texas, Austin, Texas         Aug.    2014        

"Tunable Plasmonic Nanoparticles for Solar Energy Applications"      
(Poster) 
BASF Internal Meeting Poster Section, University of Houston, Houston     
,Texas                                                                                     Oct.    2014  
"Tunable Plasmonic Nanoparticles for Enhancing Photocatalytic 
Reactions" (Posterin Sci-Mix) 
249th ACS National Meeting, Denver, Colorado           Mar.   2015 

"Tunable Plasmonic Nanoparticles for Enhancing Photocatalytic 
Reactions" (Oral)  
249th ACS National Meeting, Denver, Colorado        Mar.   2015 
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Activities and Affiliations 

University of Houston Chemistry Graduate Student Council Treasurer       2012 – 2013 
American Chemical Society                2013 – present                                                                            


