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Abstract

Simple methods of preparing silver and gold nanoshells on the surfaces of monodispersed polystyrene microspheres of different sizes as well as
of silver nanoshells on free-standing gold nanoparticles are presented. The plasmon resonance absorption spectra of these materials are presented
and compared to predictions of extended Mie scattering theory. Both silver and gold nanoshells were grown on polystyrene microspheres with
diameters ranging from 188 to 543 nm. The commercially available, initially carboxylate-terminated polystyrene spheres were reacted with 2-
aminoethanethiol hydrochloride (AET) to yield thiol-terminated microspheres to which gold nanoparticles were then attached. Reduction of silver
nitrate or gold hydroxide onto these gold-decorated microspheres resulted in increasing coverage of silver or gold on the polystyrene core. The
nanoshells were characterized using transmission electron microscopy (TEM), scanning electron microscopy (SEM) and UV-vis spectroscopy.
By varying the core size of the polystyrene particles and the amount of metal (silver or gold) reduced onto them, the surface plasmon resonance
of the nanoshell could be tuned across the visible and the near-infrared regions of the electromagnetic spectrum. Necklace-like chain aggregate
structures of gold core—silver shell nanoparticles were formed by reducing silver nitrate onto free citrate-gold nanoparticles. The plasmon resonance

absorption of these nanoparticles could also be systematically tuned across the visible spectrum.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Metal colloids are well-known for their surface plasmon
resonance (SPR) properties, which originate from collective
oscillation of their conduction electrons in response to optical
excitation [1-4]. The SPR frequency of a particular metal col-
loid sample is different from that of the corresponding metal film
and has been shown to depend on particle size [5—7], shape [8,9],
and dielectric properties [10], aggregate morphology [11], sur-
face modification [12], and refractive index of the surrounding
medium [13]. For example, the SPR peak of 13 nm spherical gold
colloids is around 520 nm and that of 5-6 nm silver nanoparticles
around 400 nm [14]. The SPR peaks shift to the red depending
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on the particle shape, state of aggregation, and the surround-
ing dielectric medium [15]. SPR has been explored for use in
fabricating optical filters [16], photon energy transport devices
[17], probes for scanning near-field optical microscopy [18],
active surfaces for surface-enhanced Raman spectroscopy [19]
and fluorescence scattering [20], and chemical or biological sen-
sors [21].

Metal nanoshells have shown tremendous promise for sys-
tematic engineering of SPR. These are composite nanoparticles
that consist of a dielectric core coated with a few nanometers to
a few tens of nanometers of a metal, usually gold or silver [22].
The SPR of these nanoparticles can be varied over hundreds
of nanometers in wavelength, across the visible and into the
infrared region of the spectrum, by varying the relative dimen-
sions of the core and the shell. Using the Mie scattering theory
and controllable colloidal growth chemistry, the optical reso-
nance of a core—shell composite nanoparticle can be “designed”
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in a predictable manner. Because its surface plasmon resonance
occurs at energies distinct from any bulk interband transitions,
a silver colloid produces a stronger and sharper plasmon reso-
nance than gold [23]. Also, the plasmon resonance of a solid
silver nanoparticle appears at a shorter wavelength than that of
gold. This feature can potentially provide a broader range of
tunability of the plasmon resonance frequency for silver than
for gold. Halas and coworkers have been pioneers in develop-
ing metal nanoshells on dielectric microspheres [10]. This wide
tunability of optical response has already found applications, in
areas from photonics and electronics to biology and medicine.
The preparation of gold nanoshells on both silica and
polystyrene cores has been reported. One of the most successful
approaches has been the ‘seed and grow’ method that is further
developed in this manuscript. In this approach, the surface of the
dielectric core particle is modified so that small gold nanopar-
ticles can be attached to it, and then additional gold is reduced
onto these ‘seed’ particles to produce a complete shell. The
best-developed combination is gold nanoshells on silica cores
[10,24-26] for which Halas and co-workers [10,27] have devel-
oped a procedure to make gold nanoshells on silica treated with
(aminopropyl)triethoxysilane. There have been fewer reports of
gold shells formed on polystyrene spheres [28], even though
polystyrene has some importang potential advantages as the
core material. Polystyrene spheres have been particularly useful
for the formation of photonic crystals [29]. Their high degree
of uniformity makes them relatively easy to self-assemble into
a uniform colloidal crystal, and the relatively high refractive
index contrast between the spheres and air-filled voids within
them allows for enhanced confinement of light [29,30]. The
higher refractive index of polystyrene, compared to silica, also
can result in a narrower plasmon resonance absorption peak for
gold nanoshells on polystyrene, compared to gold nanoshells on
silica [31]. Recently, we have synthesized gold nanoshells on
polystyrene spheres and demonstrated tuning of the SPR absorp-
tion of these shells by varying the amount of gold deposited [31].
In that case, the shell thickness and roughness could be system-
atically controlled by the size of the gold nanoparticle seeds as
well as by the process of their growth into a continuous shell.
The fabrication of silver nanoshells has proven more difficult
than the fabrication of gold nanoshells. Typically, it involves acti-
vation of the substrate surface by “seeds” of another metal, such
as palladium or gold [32]. Dong et al. [33] reported the fabrica-
tion of nanoshells composed of close-packed silver nanocrystals
on polystyrene spheres, by direct electrostatic attractions at
appropriate pH. Song et al. [34] reported a facile wet-chemical
approach for depositing silver nanoparticles on poly-(styrene-
acrylic acid) (PSA) latex spheres. Mayer et al. [35] described
several in situ chemical reduction methods to deposit silver
layers on polystyrene (PS) latex spheres. Schueler et al. [36]
reported deposition of silver onto PMMA latex particles via
thermal evaporation techniques. More recently, Zhang et al. and
Zhan et al. [28,37] prepared a complete metal (Ag or Au) shell
with controlled thickness on polystyrene (PS) colloids by using
the solvent-assisted route, and formed a complete silver shell.
However, none of these reports have shown a systematic plas-
mon resonance tuning across the visible and infrared range of

the electromagnetic spectrum, upon depositing silver onto the
polymer core.

Here, we report fabrication and characterization of silver and
gold nanoshells on polystyrene (PS) spheres of different diam-
eters, ranging from 188 to 543 nm. Our approach is to first
functionalize the carboxylate-terminated polystyrene spheres
with 2-aminoethanethiol hydrochloride (AET) to obtain thiol-
terminated microspheres and then attach a partial layer of the
gold nanoparticles that can be further grown in the presence of
excess metal ions (silver or gold) to render a complete shell.
We find that by varying the absolute shell thickness of the silver
or gold on the polystyrene spheres, one can tune the peak of
the surface plasmon absorbance band from the visible to the
near-infrared (~500-940nm). We also present the results of
deposition of silver shells directly on ~12 nm gold nanoparticles
that are not attached to a polystyrene sphere. These gold—silver
core—shell structures are found to agglomerate into necklace-
like chain aggregates and these aggregates also show systematic
variation of the SPR peak across the visible spectrum.

2. Experimental section
2.1. Materials

A series of carboxylate-modified polystyrene particles
(188, 296, and 543nm, 10wt% in water) were purchased
from Seradyn Optilink™. HPLC water, 2-aminoethane-
thiol hydrochloride (NH,CH,CH,SH-HC1, AET, 98%),
tetrakis(hydroxymethyl)phosphonium chloride (THPC, 80%
solution in water), and hydrogen tetrachloroaurate(Ill) tri-
hydrate (HAuCly-3H>0) were purchased from Aldrich. N-
ethyl-N-(3-dimethylaminopropyl)carbodiimide hydrochloride
(CgH7N3-HCl, EDAC) and 2-(N-morpholino)ethanesulfonic
acid (MES, >99.5%) were purchased from Sigma. Sodium
citrate, formaldehyde (37% solution in water/methanol) and
ammonium hydroxide (28-30%) were purchased from J.T.
Baker. Silver nitrate (AgNO3) was purchased from Alfa Aesar.
All chemicals were used as received. HPLC-grade water was
used at every stage of reaction and washing.

2.2. Synthesis

An outline of the method of preparation of silver and gold
nanoshells is presented in Scheme 1. The detailed steps are as
follows:

2.2.1. Functionalization of the surface of polystyrene
particles with AET

AET can be covalently bonded to the surface of carboxylate-
modified polystyrene particles. The carboxyl groups on the
surface of polystyrene particles were activated by N-ethyl-N-
(3-dimethylaminopropyl)carbodiimide hydrochloride (EDAC),
then reacted with free amino groups of AET molecules to form
amide bonds. To do this, 0.4 ml of MES stock buffer solu-
tion (500 mM, pH 6.1) was added to 0.4 g of the carboxylate-
modified polystyrene dispersion with vigorous stirring. 3.2 ml of
HPLC water was added to bring the total volume to 4 ml. Next,
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Scheme 1. Schematic illustration of the synthesis of gold and silver nanoshells on polystyrene beads.

3.5ml of 52mM EDAC solution was added into the mixture.
After 30 min of stirring, 15 mg of AET in 0.5 ml of HPLC water
was added. The mixture was stirred for 3—4 h, then centrifuged at
10,000 rpm (8736 x g) for 10 min to remove excess EDAC and
AET from the AET-functionalized polystyrene particles. This
step was repeated at least three times. The white precipitate was
redispersed in 20 ml HPLC water.

2.2.2. Preparation of colloidal gold nanoparticles

The synthesis of gold colloids typically involves the reduc-
tion of gold salts in the presence of surfactants or stabilizers.
In this study, two types of colloidal gold nanoparticles were
prepared by reduction of chloroauric acid, using sodium cit-
rate or tetrakis(hydroxymethyl)phosphonium chloride (THPC),
respectively, as the reducing agent. Particles resulting from these
two preparations are hereafter called citrate-gold and THPC-
gold, respectively. The preparation of citrate-gold followed the
method of Weiser [38,39]. In brief, 10 ml of HAuCly (5 mM)
solution was added to a flask containing 85 ml of boiling HPLC
water, and the mixture was allowed to return to a boil. Then,
a freshly prepared sodium citrate solution (5ml, 0.03 M) was
added to the mixture. A few minutes later, the solution changed
from colorless to deep wine-red. The resulting red sol con-
tained citrate-gold nanoparticles approximately 12 nm in diam-
eter. At this point, the heating was stopped and the mixture
was allowed to cool overnight. For the preparation of THPC-
gold nanoparticles, the method described by Pham et al. [24]
was adopted. 0.5ml of freshly prepared 1M NaOH and 1 ml
of THPC solution (prepared by adding 12 pul of 80% THPC in
water to 1 ml of HPLC water) were added to a flask that con-
tained 45 ml of HPLC water. The reaction mixture was stirred
for 5 min and then 10 ml of 5 mM HAuCly was added. The color
of the mixture changed from yellow to dark brown, indicat-
ing the formation of THPC-gold nanoparticles. The reduction
of chloroauric acid with tetrakis(hydroxymethyl)phosphonium
chloride (THPC) results in relatively small gold nanoparticles,
~2nm in diameter, with a net negative interfacial charge. In
the work described below, we used colloidal gold nanoparti-
cles ~2nm (THPC-gold) or ~12nm (citrate-gold) in diam-

eter that were routinely prepared by the procedures outlined
above.

2.2.3. Attachment of gold nanoparticles to
AET-functionalized polystyrene particles

To attach citrate-gold to AET-functionalized polystyrene par-
ticles, 5ml of AET-functionalized polystyrene solution and
50ml of citrate-gold solution were mixed with vigorous stir-
ring that led to the attachment of citrate-gold nanoparticles to
the thiol groups on the surface of the AET-modified polystyrene
particles. To remove the remaining free gold nanoparticles from
the mixture, the above solution was centrifuged at 10,000 rpm
(8736 x g) for 10 min, the supernatant removed, and the reddish
precipitate redispersed in 20 ml HPLC water. This centrifugation
step was repeated several times. The solution was further filtered
using an Isopore™ polycarbonate membrane filter with a nomi-
nal pore diameter of 100 nm (for 188 nm PS) or 200 nm (for 296
and 543 nm PS). Finally, the Au/AET/polystyrene nanoparticles
were redispersed in 50ml of HPLC water. The citrate-gold-
decorated polystyrene particles have relatively low colloidal
stability. Precipitation occurs after several hours, but the precip-
itate can be redispersed by ultrasonication. Similarly, to attach
THPC-gold to AET-functionalized polystyrene particles, 5 ml of
AET-functionalized polystyrene solution and 12.5 ml of THPC-
gold solution were mixed with vigorous stirring. The solution
was stirred for at least 30 min. Excess free THPC-gold nanoparti-
cles were removed in the same manner as described above for the
citrate-gold-decorated polystyrene particles. Finally, the precip-
itate was redispersed in 50 ml of HPLC water. The THPC-gold-
decorated polystyrene particles have relatively high colloidal
stability compared to the citrate-gold-decorated polystyrene par-
ticles, and stayed well dispersed in water for more than 4 weeks.

2.2.4. Silver shell growth

Silver nanoshells were made following the method reported
by Jackson et al. [40] for silver deposition onto gold-decorated
silica microspheres, which is an adaptation of the Zsigmondy
method [41] for gold-nucleated growth of metal colloids. In
brief, the gold-decorated polystyrene particles were mixed with
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a fresh 0.15 mM solution of silver nitrate (AgNO3) and stirred
vigorously. Then, 50 ul of 37% formaldehyde was added to
the stirred mixture to begin the reduction of silver onto the
gold-decorated polystyrene particles. This step was followed
by the addition of ammonium hydroxide (typically 20-50 .l
of 28-30% NH4OH). Over the course of 30-60 s, the solution
changed from colorless to light blue, which is evidence of shell
formation. The addition of NH4OH into the sample solution
caused a rapid increase in the pH of the solution, which facil-
itated in the reduction of Ag* to Ag® that deposited onto the
surface of the seed particles, forming silver nanoshells. The ratio
of the volumes of the dispersion of gold-decorated polystyrene
particles to the silver nitrate solution controlled the amount of
silver available for deposition on the polystyrene surface.

The formation of silver nanoshells rather than free silver
nanoparticles depends on maintaining conditions where parti-
cle growth is favorable, but new particle nucleation is not. We
observed that shells did not readily form on the surface of PS
when a strong reducing agent, such as sodium borohydride, was
employed. In this case, the large driving force for silver reduc-
tion appears to lead to nucleation of free silver particles before
the Ag* ions can diffuse to the gold-decorated PS surface. As
a result, partially coated or uncoated polystyrene spheres were
obtained. Therefore, a careful selection of the reducing agent
is crucial for obtaining a continuous silver nanoshell forma-
tion. We followed the approach used by Jackson and Halas [40],
using formaldehyde as the “slow” reducing agent to initiate sil-
ver ion reduction onto the gold seeds. Subsequent addition of
NH,4OH then fully reduced the silver precursor onto the seeded
PS spheres.

2.2.5. Gold shell growth

The THPC-gold-decorated polystyrene particles mentioned
above were also used to synthesize gold nanoshells. The THPC-
gold particles attached to the PS spheres were used as nucleation
sites for the further reduction of gold, resulting in deposition
of a thin layer of gold on the nanoparticle surface. To grow
the gold shell on the gold-decorated PS spheres, a solution
of gold hydroxide was prepared first [27]. In a reaction flask,
0.05 g potassium carbonate (K,CO3) was dissolved in 185 ml
HPLC grade water. Then, the solution was stirred for 10 min.
Next, 15ml of 5mM HAuCly was added to the solution. The
mixture was initially light yellow and slowly became colorless
after 30 min, indicating the formation of gold hydroxide. The
resulting solution was aged for 24 h in the dark before it was
used. The gold-decorated polystyrene particles were mixed with
gold hydroxide solution and then stirred gently. 50 pl of 37%
formaldehyde was added to the stirring mixture to begin the
reduction of gold on to the gold-decorated polystyrene particles.
This step was followed by the addition of (28-30% NH4OH)
ammonium hydroxide to adjust the pH of the solution to be
slightly basic [42]. This typically required 20-50 wl of NH4OH
solution. The solution was gently stirred for approximately 9 h.
During this time, the solution changed from colorless to light
blue, which is an indication of shell formation. The solution
was then allowed to stand for 1 h. By varying the volume ratio
of gold hydroxide to PS particle solutions, the thickness of gold

nanoshell could be varied. To investigate the effect of the reduc-
ing agent on the gold nanoshell morphology and formation of
free gold nanoparticles, other reducing agents such as sodium
borohydride and hydroxylamine hydrochloride were also used
to deposit gold from solution onto the THPC-gold-decorated PS
(see Section 3).

2.3. Characterization methods

2.3.1. UV-vis absorbance

The absorption spectra were collected using a Shimadzu
model 3101PC UV-vis-NIR scanning spectrophotometer, over
wavelengths from 300 to 1300 nm. The samples were measured
against water as reference. All samples were dispersed in water
and loaded into a quartz cell for measurement.

2.3.2. Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) images were
obtained using a JEOL model JEM-100CX microscope at an
acceleration voltage of 80kV. The specimens were prepared by
drop-coating the sample dispersion onto an amorphous carbon
coated 300 mesh copper grid, which was placed on filter paper
to absorb excess solvent.

2.3.3. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) images were obtained
using a Hitachi S4000 field emission miscroscope at an acceler-
ation voltage of 25 kV.

3. Results and discussion

3.1. Polystyrene size effects on the surface coverage of gold
nanoparticles

The strategy used to prepare silver and gold nanoshells is
illustrated in Scheme 1 and described in the previous sec-
tion. Fig. 1 shows TEM images of 188, 296, and 543 nm
polystyrene spheres after surface modification and attachment of
~2nm diameter THPC-gold and ~12 nm diameter citrate-gold
nanoparticles. Our previous studies have shown that a coverage
of up to about 50% could be achieved by this method for 296 nm
PS spheres, depending on the size of the gold nanoparticles [31].
The images in Fig. 1 show that, at least for the citrate-gold, as the
size of the PS increases, so does the coverage of the Au nanopar-
ticles. In these experiments, we used a fixed mass ratio of gold
nanoparticles to polystyrene, so that number of available gold
nanoparticles per PS surface area decreased with decreasing par-
ticle diameter (total PS surface area was inversely proportional to
diameter). However, we always used an excess of gold nanopar-
ticles, and the binding of the gold nanoparticles to the PS was
irreversible. Therefore, the changes in particle binding density
are not due to changes in the ratio of gold nanoparticle to PS
surface area. This suggests that the curvature of the PS surface
has an influence on the binding of the Au particles to the PS sur-
face. As the surface curvature decreased (diameter increased),
the particle coverage increased.
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200nm

Fig. 1. TEM images of 188, 296, and 543 nm polystyrene spheres with (a—c)
~2nm THPC-gold and (d—f) ~12 nm citrate-gold attached to their surface. As
the size of the polystyrene core increased, the coverage of citrate-gold also
increased.

3.2. Morphology of silver nanoshells

The silver nanoshells were grown by the reduction of silver
nitrate onto the gold nanoparticles, which serve as nucleation
sites. Depending on the extent of coverage of silver on these
particles, pink-red, light blue or purple-blue solutions were
observed for all PS sizes. The silver-coated nanoparticles have
moderate colloidal stability, and precipitated noticeably after
about a day. The precipitate could be redispersed by ultrasoni-
cation.

The silver nanoshells formed using THPC-gold-decorated
polystyrene particles have a relatively smooth surface, but are
less smooth than gold nanoshells prepared by the same proce-
dure using THPC-gold seeds [31]. Figs. 2—4 show representa-
tive sequences of TEM images of THPC-gold-decorated 188,
296, and 543 nm PS nanoparticles, after reduction of increas-
ing amounts of silver onto them. This illustrates the progressive
metal nanoshell growth that occurs during reduction. Initially, a
small fraction of the gold seed particles increases in size as the
silver reduction progresses. Then the growing seeds coalesce on
the nanoparticle surface. Finally, a continuous silver nanoshell is
formed on the surfaces of the polystyrene cores. In TEM images
of larger numbers of nanoshells we observed that all particles
had complete silver shells of nearly uniform apparent thickness.

The formation of silver nanoshells using citrate-gold-
decorated PS is similar to that using THPC-gold-decorated PS,
except that the gold seeds are about six times larger in diame-
ter (~200 times larger in volume). This allows us to investigate

200nm

Fig. 2. TEM images of silver nanoshell growth on 188 nm polystyrene particles
seeded with THPC-gold: (a—e) gradual growth and coalescence of silver particles
on the polystyrene particle surface; and (f) a complete silver nanoshell.

the effect of seed size on morphology of the resulting silver
nanoshells. Representative TEM images of silver nanoshells
formed on 188 and 296 nm citrate-gold-decorated PS nanopar-
ticles are presented in Fig. 5. The silver nanoshells formed in
this case have relatively rough surfaces, due to the relatively
large size of the citrate-gold nanoparticles used as seeds on the
PS surface. These nanoshells have greater tendency to aggregate
and precipitate than the corresponding shells grown with THPC-
gold seeds. In a previous study, we used citrate-gold-decorated
296 nm PS spheres to obtain gold nanoshells. Many large gold
particles (~120 nm) were simultaneously formed in the process
of growing a complete gold shell on these particles [31]. How-
ever, this phenomenon was not observed upon reducing silver
onto the citrate-gold seeds. As was the case for the formation of
gold nanoshells on polystyrene, the shells formed using citrate-
gold seeds were rougher than those formed using THPC-gold
seeds. However, the difference was less pronounced for silver
shells than for gold shells because the THPC-gold-seeded sil-
ver shells were somewhat rougher than the THPC-gold-seeded
gold shells prepared previously. Rough shells like those shown
in Fig. 5 may be of particular interest for use in surface-enhanced
Raman spectroscopy.
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200nm

Fig. 3. TEM images of silver nanoshell growth on 296 nm polystyrene particles
seeded with THPC-gold: (a—c) gradual growth and coalescence of silver particles
on the polystyrene particle surface; and (d) a complete silver nanoshell.

Observation of the gradual growth of silver particles on the
THPC-gold-decorated polystyrene particles showed that only
a small fraction of the THPC-gold particles grew. However,
nearly all of the citrate-gold seed particles grew simultaneously
to form the shell on the surface of the polystyrene sphere. Most

(a) o =

Fig. 4. TEM images of silver nanoshell growth on 543 nm polystyrene parti-
cles seeded with THPC-gold: (a)—(c) gradual growth and coalescence of silver
particles on the polystyrene particle surface; and (d) a complete silver nanoshell.

(a) (b)

200nm

Fig. 5. TEM images of completed silver nanoshells formed using (a) 188 nm
and (b) 296 nm polystyrene particles decorated with citrate-gold.

of the ~2 nm THPC-gold particles did not effectively seed silver
growth. Those that did grow may have been agglomerates of a
few smaller seeds or they may have undergone a nucleation-like
event in which enough silver deposited to exceed the critical
nucleus size for particle growth. This suggests that there is a
critical nucleus size for the growth of silver particles on gold
seeds that is larger than ~2 nm but smaller than ~12 nm. This
limits the smoothness of the shells that can be formed in this
approach, since it limits the maximum density of effective seed
particles.

3.3. Morphology of gold nanoshells

The 188 and 543 nm polystyrene spheres decorated with
~2nm diameter THPC-gold nanoparticles were also used to
synthesize gold nanoshells. In this study, three techniques pre-
viously reported for fabricating gold nanoshells on silica micro-
spheres were adapted to produce gold nanoshells on polystyrene
spheres. The first method followed a deposition protocol pre-
viously reported by Oldenburg et al. [27] in which vary-
ing amounts of gold hydroxide were added to THPC-gold-
decorated polystyrene particles, then 20 .l of sodium borohy-
dride (0.033 M in water) was added with vigorous stirring. The
color of the solution instantaneously changed from colorless
to red or pinkish, indicating the formation of gold colloids. It
appeared that sodium borohydride, a relatively strong reducing
agent, induced formation of gold nanoparticles on a time scale
too short for significant gold deposition onto the gold-decorated
PS spheres. As a result, partially coated or uncoated polystyrene
spheres were obtained, along with large quantities of free gold
nanoparticles. The second method was based on the approach
reported by Graf et al. [43], in which THPC-gold-decorated
polystyrene spheres were mixed with different amounts of gold
hydroxide under vigorous stirring, then 10 ml of hydroxylamine
hydrochloride (1.87 mM in water) was added drop-wise into the
mixture. This resulted in a black precipitate and a purple-blue
solution, from the formation of both free gold and nanoshells in
the solution as previously reported for 296 nm diameter cores
[31]. Repeated centrifugation and washing was required to sep-
arate gold nanoshells from the free gold. Gold nanoshells as
well as large gold particles and agglomerates were formed as
shown in Fig. 6. We observed that these newly formed gold
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free Au particles
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Fig. 6. TEM image of agglomerates of free gold nanoparticles and nanoshells
produced using hydroxylamine hydrochloride as the reducing agent.

particles often attached to the surface of gold nanoshells. The
resulting ‘clumps’ could not easily be removed from the gold
nanoshells.

The gold nanoshells prepared by the above methods did not
provide the desired thin, uniform coating of the polystyrene
spheres. To achieve this, it is important that all small gold
nanoparticles grow evenly, so that, after the particles have grown
to a few nanometers, all gold particles will coalescence and the
resulting gold shell has a uniform thickness. Formation of thin-
ner gold shells will, for a given core size, also result in a larger
red shift of the surface plasmon resonance absorbance. In addi-
tion, the formation of free gold particles in solution should be
prevented or minimized to reduce the amount of post-synthetic
washing required. This can better be accomplished using a mod-
ification of the method reported by Lim et al. [42]. In this
method, formaldehyde serves as a “slow” reducing agent to
reduce gold ions onto the gold-decorated microspheres. Shell
deposition occurred as the mixtures were stirred gently over 9 h.
The gold nanoshells were obtained directly without centrifuga-
tion. No free gold nanoparticles were formed using this method.
The gold nanoshells formed by this method have a somewhat
rough surface.

Figs. 7 and 8 show a sequence of TEM images of 188 and
543 nm PS spheres after reduction of increasing amounts of
gold onto the THPC-gold-decorated spheres, illustrating the pro-
gressive growth of metal nanoshell during reduction. At low
volume ratio of gold hydroxide to polystyrene particle solutions,
gold nanoparticles with a diameter of ~5-9 nm were distributed

2
o
Y-

200nm

Fig. 7. TEM images of nanoshells grown on 188 nm gold-decorated polystyrene
spheres using formaldehyde as the reducing agent: (a—e) gradual growth and
coelesence of gold seed particles on the polystyrene particle surface; and (f)
complete gold nanoshell.

uniformly on the polystyrene surface (Fig. 7a). Although the
gold particles were attached and grew with the reduction pro-
cess, complete gold shells were not obtained simply because
not enough gold was present. For higher volume ratios of gold

200nm '

Fig. 8. TEM images of (a) partial and (b) complete gold nanoshells grown on
THPC-gold-decorated 543 nm polystyrene spheres using formaldehyde as the
reducing agent.
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200nm

Fig. 9. TEM images of polystyrene spheres with partial gold coverage on their
surface. The gold nanoshells often self-assemble into trimers with equilateral
triangle geometry as shown here.

hydroxide to polystyrene particles solution, a complete gold
nanoshell was formed as shown in Figs. 7f and 8b. In this case,
the gold seeds began to coalesce on the surface of the polystyrene
spheres, until a continuous gold nanoshell was formed. Over-
all, the surface of the gold nanoshell obtained in this method
was rough as shown in Fig. 8f. Depending on the coverage of
gold on these particles, light blue or purple-blue solutions were
observed. The gold-coated nanoparticles have a moderate col-
loidal stability, with significant precipitation occurring on a time
scale of 1 day. The precipitate could be redispersed in water by
ultrasonication. The neat (uncoated) monodispersed polystyrene
spheres readily self-assemble into an ordered assembly (two- or
three-dimensional). As the adsorbed gold particles render the
surface somewhat rough, the long-range order breaks down and
mostly isolated particles or their dimers or trimers are observed,
rather than larger ordered clusters (see TEM image in Fig. 9)
[31]. Fig. 10 displays a TEM image of a larger quantity of par-
tially covered spheres to indicate the degree of sphere-to-sphere
uniformity of coverage at this point of transition from partial
to complete shells. The coverage remained similar at different
spots on the TEM grid.

Fig. 10. TEM image demonstrating the uniformity of partially gold coverage
on 188 nm polystyrene spheres. The scale bar is 200 nm.

3.4. Surface plasmon resonance absorbance of silver
nanoshells

Deposition of silver onto the gold-seeded PS spheres leads to
a shift in the SPR absorption. Extinction spectra of THPC-gold-
decorated and citrate-gold-decorated PS spheres, with increas-
ing silver nitrate to PS concentration ratios, illustrate this for
a series of sizes of PS spheres. For free THPC-gold, no SPR
peaks were observed (see Fig. 11). This is consistent with many
literature reports that there is no SPR feature for such small Au
particles. On the other hand, citrate-gold and silver nanopar-
ticles have sharp SPR peaks at 520 and 400 nm, respectively
(see Fig. 11). As the coverage of silver on THPC-gold-seeded
PS increased, the SPR peak became more prominent and red
shifted up to a maximum of 824 nm for 188 nm diameter PS

Extinction (a.u.)

350 400 450 500 550 600 650 700 750 800 850 900
Wavelength (nm)

Fig. 11. Absorption spectra for (1) THPC-gold; (2) silver; and (3) citrate-gold
nanoparticles.
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Fig. 12. (a) Absorption spectra of THPC-gold-decorated 188 nm polystyrene spheres with different coverage of silver on their surface resulting from different silver
to PS ratios; and (b) the same data differentiated. Curves 3 through 6 cross zero at 507, 633, 759, and 824 nm. Curves 1 through 6 follow the evolution of the optical

absorption as coalescence of the silver layer progresses and correspond to images (a) through (e) in Fig. 2.

cores, as shown in Fig. 12. A similar red shift of the SPR peak
was observed for 296 and 543 nm sized PS cores, as shown in
Figs. 13 and 14, respectively. This is accompanied by a substan-
tial broadening of the SPR peak. Such systematic red shift is
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consistent with literature reports for gold and silver nanoshells,
prepared by different procedures on silica microspheres [27,40].
Due to the broad nature of the peaks, the position of the extinction
maximum in each case is more easily determined by examin-
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Fig. 13. (a) Absorption spectra of THPC-gold-decorated 296 nm polystyrene spheres with different coverage of silver on the surface resulting from different silver
to PS ratios; and (b) the same data differentiated. Curves 2 through 6 cross zero at 645, 767, 757, 963, and 961 nm.
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Fig. 14. (a) Absorption spectra of THPC-gold-decorated 543 nm polystyrene spheres with different coverage of silver on the surface resulting from different silver
to PS ratios; and (b) the same data differentiated. Curves 2 through 6 cross zero at 696, 792, 777, 769, and 768 nm.

ing the derivative (slope) of the extinction spectrum where the
first crossover point of the first differential is taken as the max-
imum of the curve. Once the PS surface is completely covered
with silver, forming a continuous shell, no further red shift is
observed.
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The extinction spectra of 188 nm diameter citrate-gold-
decorated PS spheres are presented in Fig. 15, as a function of
the silver nitrate to PS ratio. At relatively low silver nitrate con-
centration, one strong SPR peak is observed at ~520 nm, which
is attributed to the 12 nm citrate-gold bound to the surface of PS.
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Fig. 15. (a) Absorption spectra of citrate-gold-decorated 188 nm polystyrene spheres with increasing coverage of silver on the surface resulting from increasing
silver to PS ratio; and (b) the same data differentiated. Curves 3 through 6 cross zero at 527, 527, 532, 568, 812, and 748 nm.
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Fig. 16. (a) Absorption spectra of citrate-gold-decorated 296 nm polystyrene spheres with increasing coverage of silver on the surface resulting from increasing
silver to PS ratio; and (b) the same data differentiated. Curves 3 through 6 cross zero at 532, 534, 534, 539, 784, and 735 nm.

Upon increasing the ratio of silver nitrate to PS, the prominent
peak at 520 nm broadens and red shifts. Simultaneously, a SPR
peak at ~380 nm begins to develop. Similar spectra for 296 nm
diameter cores are shown in Fig. 16.

3.5. Silver nanoshells on free citrate-gold nanoparticles

For comparison to the silver shells seeded with gold nanopar-
ticles, we also reduced silver onto free cirate gold nanoparticles
to form gold core/silver shell nanoparticles. Somewhat surpris-
ingly, we have found that upon reducing increasing amounts
of silver nitrate onto the citrate-gold nanoparticles, the surface
plasmon resonance absorption peak red shifted systematically
from its initial position near 520 nm across the visible and into
the near IR range (~800 nm). While both the plasmonic prop-
erties of Au/Ag core/shell structures and alloy structures have
been studied in the past, this dramatic red shift of the SPR
absorbance has not previously been observed. It is, in fact, unex-
pected for simple gold core/silver shell particles. Sato et al.
[44] reported the photochemical formation of Ag—Au compos-
ites using sodium alginate as a stabilizer, and observed “only
gold and silver domains”. Mulvaney et al. [45] reported the
radiolytic formation of Ag core—Au shell structures. Treguer
et al. [46] used +y-irradiation of a solution of gold and silver
salts to obtain core—shell type structures at low radiation doses,
and alloys at high doses. Hodak et al. [47] reported the prepa-
ration of the Au core—Ag shell and Ag core—Au shell particles,
where the core metal was made first, and the ions of the shell
metal were subsequently reduced onto the surface of the core
particles by a radiolysis technique. Schatz and coworkers [48]

reported that the preparation of gold-core/silver-shell nanopar-
ticles by using a ‘seed colloid’ technique, where the silver ions
were deposited on 13 and 25 nm gold particles by citrate reduc-
tion. It was found that the Au—Ag core—shell particles exhibited
a single plasmon band that is blue-shifted to ~400 nm with
increasing silver content and, conversely, the plasmon resonance
for the Ag—Au core—shell particles red shifted to ~520 nm with
increasing Au content. This is also what is predicted by the
Mie scattering theory. With the preparation methods used here,
we observed a systematic shift of the SPR absorption, which
was not seen in any of the previous studies. Depending on the
amount of silver reduced onto the fixed amount of citrate-gold,
light blue, purple, light-green, green and orange-yellow solu-
tions were observed, as shown in Fig. 17. Here, it should be
mentioned that the citrate-gold colloid is sensitive to the sol-
vent environment, particularly the pH and ionic strength. We
performed a substantial array of control experiments to confirm
that the color change was not an artifact of changes in pH, ionic
strength, or solution composition.!

Fig. 18 shows TEM images of the citrate-gold nanoparticles
after reduction of silver onto them. In these images, the gold
core has higher contrast than the silver shell and appears darker.

! In the control experiments, we added formaldehyde, silver nitrate and ammo-
nium hydroxide solutions independently to citrate gold sol at volumes and
concentrations identical to our actual experiments. There is an instant color
change of citrate Au sol from wine-red to purple on adding ammonium hydrox-
ide and no color change in other cases. However, when all the three reagents were
added in sequence as explained in the text, there was a sequential systematic
change of color as depicted in the Fig. 7.
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Fig. 17. Gold core-silver shell particles that absorb various wavelengths of light (the eight vials on the right), compared to gold colloid (far left).

The TEM images show that the silver-coated gold nanoparticles
have agglomerated into necklace-like chain aggregates. Some
free gold core/silver shell nanoparticles were also observed.
Fig. 19 shows the extinction spectra of these solutions
with increasing silver nitrate to citrate-gold volume ratios. The
absorption feature at 520 nm is due to the plasmon resonance
of the citrate-gold nanoparticles. Focusing only on the region
from 350 to 600 nm, the change in plasmon resonance absorp-
tion is qualitatively similar to that observed in previous studies,
with the 520 nm gold resonance rapidly decreasing in intensity
and the silver resonance at 400 nm increasing in intensity as the
amount of silver reduced onto the particles increases. However,
in these experiments, a second plasmon resonance absorption at
a longer wavelength also develops when silver is added. This
is not expected for simple Au-core/Ag-shell structures. Rather,
this absorption can probably be ascribed to a collective plas-
mon resonance of the necklace-like aggregates shown in Fig. 18.
Especially for small amounts of silver addition, the spectrum
is qualitatively similar to that of gold nanorods that exhibit a
transverse plasmon resonance near 520 nm and a longitudinal
resonance at longer wavelength [49]. For curves 2 through 6 in
Fig. 19, this longer wavelength absorbance is stronger than the
absorbance in the 400-520 nm range, and, therefore, this longer
wavelength absorbance determines the appearance of the col-
loid, as shown in Fig. 17. As silver was reduced onto the gold
nanoparticles, an absorption band peaking at ~712 nm appeared.
This red shifted to a maximum of ~807 nm with increasing silver
content. Upon further increasing the silver nitrate to the citrate-

Fig. 18. TEM image of gold core/silver shell nanoparticles with both free par-
ticles and necklace-like chain aggregates.

gold volume ratio, a pronounced blue shift ensued. At the 1:5
citrate-gold to silver nitrate volume ratio (see curve 9 in Fig. 19),
the spectrum was dominated by the strong broad peak at 404 nm
and absorption at longer wavelengths was less prominent. This
is the spectrum expected for a pure silver colloid or for gold-
core silver shell structures for large silver shell thickness. It was
interesting to find that upon reducing silver onto the surface of
citrate-gold (~12 nm in diameter), the SPR peak red shifts in a
similar fashion as that of silver nanoshells on a polystyrene core.
This appears to be the first observation of a systematic plasmon
resonance shift for a bimetallic system, where the plasmon reso-
nance of the nanostructure can be tuned to a specific wavelength
across the visible to near-infrared range of the electromagnetic
spectrum. The question that remains unanswered is why the ran-
dom necklace-like aggregates would cause the plasmon band to
red shift so systematically. Thomas et al. [50] reported a new
paradigm for tuning the optical properties of gold nanorods by
organizing them longitudinally using thioalkylcarboxylic acid-
based bifunctional molecules. The authors observed that upon
aligning the gold nanorods in a longitudinal fashion, the plas-
mon band red shifted. The origin of the red shifted band on these
linearly assemblies of gold nanorods was explained by means of
a dipolar interaction mechanism. We speculate that the red shift
observed here arises from the alignment of gold nanoparticles as
the silver shells partially fuse and form the necklace-like chain
aggregates. However, further theoretical studies are needed to
verify this. In any case, this method is simple and straightfor-
ward, and may serve as an alternative approach to obtaining
nanostructures with useful plasmonic properties.

3.6. The surface plasmon resonance spectra of gold
nanoshells

In the case of gold nanoshells, as the attached gold nanopar-
ticles grew and merged, the surface plasmon resonance (SPR)
systematically shifted, consistent with previous studies [31].
Figs. 20 and 21 show the extinction spectra of THPC-gold-
decorated PS spheres after reduction of increasing amounts of
gold hydroxide onto them. The UV-vis extinction spectra of
THPC-gold-seeded 188 and 543 polystyrene spheres showed
no absorption peaks. As the coverage of gold on THPC-gold-
seeded PS increased, the SPR peak became more prominent and
red shifted to a maximum of 932 and 931 nm for 188 and 543 nm
PS, respectively. The observed spectra corresponded well to the
TEM images shown above (Figs. 7 and 8), with higher cover-
age resulting in a larger red shift. The shift is accompanied by
a substantial broadening of the SPR peak. Once the PS surface
is completely covered with gold, forming a continuous shell, no
further red shift is observed. The SPR peak then blue shifts with
increasing shell thickness. When hydroxylamine hydrochloride
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Fig. 19. (a) Absorption spectra for (1) pure citrate-gold and (2-9) citrate-gold spheres with different coverage of silver on the surface, resulting from different silver
to citrate-gold ratios; and (b) the same data differentiated. Curves 1 through 9 cross zero at 518, 712, 807, 737, 726, 730, 612, 604, and 404 nm.
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Fig. 20. (a) Absorption spectra of THPC-gold-decorated 188 nm polystyrene spheres with increasing coverage of gold on their surface; and (b) the same data
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the gold layer progresses and correspond to images (a) through (f) in Fig. 7.
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Fig. 21. (a) Absorption spectra of THPC-gold-decorated 543 nm polystyrene spheres with different coverage of gold on the surface resulting from different gold
hydroxide to PS ratios; and (b) the same data differentiated. Curves 1 through 3 cross zero at 698, 772, and 931 nm.

was the reducing agent, both gold nanoparticles and nanoshells
were formed, and the UV—vis extinction spectrum of this mix-
ture showed a distinct peak between 520 and 600 nm, indicating
that the SPR peak from the gold nanoshells was masked by the
presence of the gold particles.

3.7. Comparison of experimental SPR absorption with
extended Mie theory calculations

For complete continuous shells, the extinction spectra can
be compared to those predicted by the extended Mie scattering
theory for core—shell particles as developed by Aden and Kirker
[51]. We have done so, using the formulation of the solution pre-
sented by Toon and Ackerman [52]. In computing the spectra,
we have incorporated electron-interface scattering by using a
size-dependent dielectric function for the gold shell, following
the approach of Westcott et al. [S3]. We have used a value of
three for the parameter A in their model, which accounts for the
angular nature of electron scattering, scattering at grain bound-
aries in the polycrystalline shell, and the shape of the core/shell
and shell/surroundings interfaces. A significant complication for
these polystyrene cores is the uncertainty in the core diameter.
We observe substantial differences between the diameters stated
by the manufacturer (which appear to be based on dynamic light
scattering) and the diameters that we observe in TEM images of
the bare polystyrene spheres. Unfortunately, the particles may
shrink somewhat in the vacuum environment of the TEM, and
therefore it is not clear that the diameters observed in TEM
are those of the polystyrene cores in solution. For the shells on

188 nm nominal diameter cores, we have data for complete shells
of both gold and silver. For these, a core diameter of 168 nm gave
reasonable agreement between experimental and computed SPR
absorption spectra. The diameters observed and used in calcula-
tions are shown in Table 1, and the experimental and computed
spectra are shown in Fig. 22. For the nominally 543 nm cores,
we obtain reasonable agreement between experimental and com-
puted SPR absorption spectra using the core diameter of 428 nm
that is observed in TEM.

3.8. Potential applications of silver nanoshells, gold
nanoshells and gold core-silver shell NPs

Advanced materials derived from core—shell composite parti-
cles are of extensive scientific and technological interest because
of their unique optical, electronic, and catalytic properties.
Such silver-polystyrene composite particles with a core—shell
structure are expected to have applications in surface-enhanced
Raman scattering (SERS) and catalytic studies. SERS has been
a subject of extensive studies. It is generally agreed that an
important contribution to the SERS enhancement comes from
the electromagnetic (EM) enhancement mechanism, in which
plasmon excitation in the particle creates an enhanced electric-
field near the particle, which in turn leads to enhanced Raman
excitation and emission [27]. Furthermore, the SPR absorption
of these composite particles could be tailored to the wave-
length regions of 800—1300nm by varying the core size and
the shell thickness, which is the spectral region best suited for
optical bioimaging, biosensing and thermal therapy applications
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Table 1

Core and shell diameters from experiment and used in calculations

Experimental Calculated

Diameter of polystyrene Measured average diameter Total average diameter Diameter of Total diameter of
particles® (nm) values from TEMP (nm) of nanoshells (nm) polystyrene (nm) nanoshells (nm)

Silver nanoshells

188 1429 £ 9.5 199.3 + 15.2 168 199
Gold nanoshells

188 1429 £ 9.5 196.3 £ 6.0 168 196
188 1429 £ 9.5 2009 £+ 7.0 168 201
543 428.6 + 19.0 4782 £ 14.2 428 478

% Values given by manufacturer.
b Polystyrene particles measured with TEM.
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Fig. 22. Comparison of experimental extinction spectra (solid lines) with extended Mie theory calculations (dashed lines) for (a) 168 nm core diameter, 199 nm silver
shell diameter; (b) 168 nm core diameter, 196 nm gold shell diameter; (c) 168 nm core diameter, 201 nm gold shell diameter; and (d) 428 nm core diameter, 478 nm
gold shell diameter.
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[54-56]. Hollow silver shells may be obtained by direct removal
of the polystyrene core, and are potentially useful in drug deliv-
ery [57]. The use of polystyrene latex spheres as the dielectric
cores in these applications may be advantageous because of
their ready commercial availability in a wide range of sizes,
with very high monodispersity, and with dyes or other organic
molecules incorporated into them. Silver nanoparticles are also
well known for their antibacterial properties [58]. Zhang et al.
[59] reported that silver-coated TiO; (core—shell structure) was
a more effective antibacterial material than uncoated TiO; under
UV irradiation. Therefore, the synthesized gold core—silver shell
structure nanoparticles may serve as a potential material for
antibacterial and other bio-applications.

4. Conclusion

In summary, gold and silver shells of tunable thick-
ness have been fabricated on polystyrene spheres with
diameters ranging from 188 to 543nm. The carboxylate-
terminated polystyrene particles were functionalized with 2-
aminoethanethiol hydrochloride (AET) to provide thiol groups
on their surface. Two types of gold nanoparticles, ~2 or ~12 nm
in diameter, were bound to the thiol groups on the polystyrene
surface, and served as seeds for the growth of a continuous silver
or gold shell. The shell thickness and roughness were controlled
by the size of the gold nanoparticle seeds and by the proce-
dure of their growth into a continuous shell. By varying the
amount of silver or gold deposited onto the polystyrene core,
the plasmon resonance of the nanoshell can be tuned across the
visible and near-infrared range of the electromagnetic spectrum.
The possibility of tuning the plasmon resonance of silver-on-
gold nanostructures without the presence of a dielectric core has
also been demonstrated, and is attributed to the formation of
necklace-like chain aggregates of silver-coated gold nanoparti-
cles.
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