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’ INTRODUCTION

Metal nanoparticles have been studied for decades because of
their attractive properties and potential applications in areas such
as catalysis, electronics, photonics, information storage, biosensors,
and surface-enhanced Raman spectroscopy (SERS).1�7 In
particular, nanoparticles derived from noble metals, such as Au
and Ag, have generated great interest due to their associated
strong plasmon resonance.8 When dispersed in liquid media,
these nanoparticles display intense colors because of the surface
plasmon resonance�a feature that can be attributed to the
collective oscillation of conduction electrons induced by an
electromagnetic field.9 The surface plasmon resonance of nano-
sized metal particles is different from that of bulk materials and
depends strongly on the size, shape, and degree of aggregation of
the nanoparticles, as well as the dielectric properties of the
surrounding medium.9,10

Metal nanoshells are unique composite nanoparticles that
consist of a spherical dielectric nanoparticle core11 covered by a
thin metallic shell.12�15 These types of nanoshells possess
optically responsive properties favorable for use in biomedical
imaging and therapeutic applications.1,16 In particular, metal
nanoshells exhibit strong plasmon resonances that are typically
shifted to much longer wavelengths than the plasmon resonance
of corresponding solid metal nanospheres.13,15 By varying the
relative dimensions of the shell/core layers, the optical resonance
of these nanoparticles can be precisely and systematically varied

over a broad range of wavelengths that span the UV�vis and
near�IR spectral regions.13,17 The near�IR region is particularly
relevant for biomedical applications because light at wavelengths
between 800 and 1200 nm can penetrate both water and human
tissue.18 This range of wavelengths is referred to as the “tissue-
transparency window”.19 Exploiting this window by using opti-
cally active nanoparticles gives rise to applications as photo-
thermal energy converters in a range of applications that includes
photothermal cancer therapy1,20 and photothermally triggered
drug release.15,21�23 For these therapies, it is important to
position the absorption of the nanoparticles well beyond the
visible range to allow optical modulation completely outside the
realm of any known organic chromophores. This strategy will
minimize damage to healthy tissue.

In contrast to the attractive optical properties of conventional
nanoshells, certain features stand as major roadblocks to their
widespread use in everyday applications. Most notably, the
synthetic preparation of nanoshells is tedious and time-consuming.
Furthermore, it is difficult to prepare duplicate batches of nano-
shells exhibiting the same structural dimensions and/or optical
properties. A second important drawback centers on the fact that
it is extremely difficult to prepare nanoshells with dimensions
smaller than 100 nm. Consequently, applications that require
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ABSTRACT: Hollow gold�silver nanoshells having systematically varying sizes
between 40 and 100 nm were prepared. These particles consist of a hollow spherical
silver shell surrounded by a thin gold layer. By varying the volume of the gold stock
solution added to suspensions of small silver-core templates, we tailored the hollow
gold�silver nanoshells to possess strong tunable optical extinctions that range from
the visible to the near-IR spectral regions, with extinctions routinely centered at
∼950 nm. The size and morphology of these core/shell nanoparticles were
characterized by dynamic light scattering (DLS), field emission scanning electron
microscopy (FE-SEM), and transmission electron microscopy (TEM). Separately,
X-ray diffraction (XRD), energy-dispersive X-ray spectroscopy (EDS) and X-ray
photoelectron spectroscopy (XPS) were used for measuring their elemental
composition; UV�vis spectroscopy was used to evaluate their optical properties.
Given their relatively small size compared to other nanoparticles that absorb strongly
at near IR wavelengths, these easy-to-synthesize particles should find use in applications that require ultrasmall nanoparticles with
extinctions comfortably beyond visible wavelengths (e.g., medicinal therapies, diagnostic imaging, nanofluidics, and display
technologies).
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components smaller than 100 nm cannot utilize conventionally
prepared nanoshells. To this end, there were two recent reports
of nanoshells with dimensions smaller than conventional nano-
shells: gold-coated gold sulfide nanoshells (i.e., Au/Au2S, with
diameters 35-55 nm)24 and gold-silica-gold nanoshells (Au/
SiO2/Au, with diameters 85�170 nm).25 The smaller Au/Au2S
particles offer additional benefits for tumor ablation in cancer
therapy through improved access to tumors and uptake into cells;
these particles are also relatively easy to manufacture.24 Similarly,
our research focuses on the development of new types of nano-
shell systems, such as the bimetallic or metal/metal "hollow
nanoshells" described in this report.

Many groups have reported the synthesis of metal/metal
nanoshells. For example, Morriss and Collins synthesized
Ag/Au shell/core nanoparticles via the reduction of slightly
alkaline HAuCl4 solution with phosphorus and successive
reduction of Ag2O with NH2OH 3HCl.

26 Separately, Yang and
co-workers prepared Au/Ag shell/core nanoparticles via the
replacement reaction between hydrophobized Ag nanoparticles
and hydrophobized [AuCl4]

� in toluene.27 Furthermore, Hu and
co-workers reported the synthesis of Pd/Au shell/core nanopar-
ticles with controllable sizes by using the chemical deposition of
Pd over Au seeds.28 Separate studies by Chen and co-workers
described the synthesis of Pt/Ag shell/core nanoparticles via a
seeded-growth method, which involved the treatment of Ag core
particles with K2PtCl2 and trisodium citrate as the reducing
agent.29 The optical extinction of these metal/metal nanoshells is
tunable, but still limited to visible wavelengths. In an effort to
extend the optical extinction to substantially longer wavelengths,
we introduce here a new route to bimetallic Au/Ag shell/core
nanoparticles that possess a partially hollow core structure.

A hollow metal/metal nanoshell is a bimetallic nanoparticle
that encircles a hollow or partially hollow interior (see Figure 1).
We are interested in hollow metal/metal nanoshells because of
their potential as plasmonic materials with extinction wave-
lengths markedly longer than the bimetallic nanostructures
described in the preceding paragraph (i.e., with ready access to
near-IR wavelengths). Importantly, methods for preparing re-
lated Au�Ag nanocages based on galvanic replacement in
aqueous solution have been reported. However, the ready
availability of ultrasmall nanoparticles (e.g., <50 nm in diameter)
and near-IR extinctions beyond the UV�vis (i.e., >900 nm
wavelengths) remains largely elusive, as does a detailed descrip-
tion of the mechanism(s) giving rise to the structure, composi-
tion, and morphology of these highly attractive and unique
nanostuctures.

Several methods for the synthesis of Au�Ag nanostructures
have been proposed, including metal-vapor techniques,18 elec-
trochemical pathways,37 thermal decomposition,38 and photo-
chemical routes.39,40 The most common and powerful method
involves wet chemical preparations that rely on the chemical

reduction of metal salts in the presence of specific surfactants at
high reaction temperature (i.e.,g100 �C).31,36,41 With regard to
plasmonic nanoparticles smaller than 100 nm in diameter, Jiang
and co-workers reported a reliable approach for the preparation
of hollow gold nanospheres with ∼60 nm diameters using small
Co nanoparticles as sacrificial templates;42 these hollow particles
exhibited extinction maxima ate650 nm regardless of the size of
the hollow cores and the thickness of the gold shells. The
synthesis was further developed by Zhang and co-workers to
generate hollow gold nanoshells with tunable extinctions ranging
from 500 to 820 nm.43,44 Furthermore, Xia’s group prepared
spherical 14 nm Au�Ag nanoparticles with extinction maxima at
740 nm,45 spherical 23.5 nm Au�Ag nanoparticles with extinc-
tion maxima at 791 nm,46 and Au�Ag nanocages having average
body-centered diagonal lengths of ∼65�85 nm with extinction
maxima ranging from 600-1200 nm.47�50 Although the plasmon
resonances of these nanoparticles were successfully tuned across
much of the visible spectrum and into the near infrared, the
extinction maxima of those particles smaller than ∼60 nm in
diameter appear at markedly shorter wavelengths than those
prepared using our strategy (vide infra).

In this work, we demonstrate the synthesis of spherical silver
nanoparticle templates prepared by the reduction of silver salts
using the mild reducing agent, sodium citrate. Subsequently,
these spherical nanoparticles are used as templates from which
to grow ultrasmall hollow gold�silver nanoshells at room
temperature using a potassium-containing basic solution of
gold salt, which we refer to as K-gold solution (vide infra). By
varying the volume of the gold stock solution added to
suspensions of small silver-core templates with sizes ranging
from 40�100 nm without introducing any surfactant, these
metal/metal hollow nanoshells can be tailored to possess strong
tunable optical extinctions that range from the visible to the
near-IR spectral regions, with extinctionmaxima readily tunable
to greater than 900 nm. Although this method appears quite
similar to those reported recently,46,51 the hollow Au�Ag
nanoshells generated by the prior methods exhibit extinction
maxima at wavelengths no longer than ∼790 nm for particles
smaller than ∼60 nm in diameter; in contrast, our method
affords nanoshells with extinction maxima at 950�1000 nm for
particles as small as 40 nm in diameter.

’EXPERIMENTAL SECTION

Materials. Silver nitrate (Mallinckrodt), trisodium citrate de-
hydrated (Aldrich), potassium carbonate (J. T. Baker), hydrogen
tetrachloroaurate(III) hydrate (Strem), nitric acid (EM Science),
hydrochloric acid (EM Science) were purchased from the indicated
suppliers and used without purification. Water was purified to a
resistance of 18 MΩ (Academic Milli-Q Water System; Millipore
Corporation) and filtered through a 0.22 μm membrane filter
before use. All glassware was cleaned in an aqua regia solution
(HCl:HNO3; 3:1), thoroughly rinsed with Milli-Q water, and then
dried prior to use.
Preparation of Silver Nanoparticle Cores. Silver nanoparticles

of varying size were prepared by the method of Lee and Miesel,52 which
involves the reduction of AgNO3 by sodium citrate. An aliquot of
AgNO3 (0.0334 g, 0.20 mmol) was dissolved in 200 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 was allowed to
reflux for 45 min. A faint yellow color was observed in the solution,
indicating the formation of silver nanoparticles. The colloidal dispersion

Figure 1. Illustrations of bimetallic nanoparticles and bimetallic hollow
gold�silver nanoshells, where alloy structures are shown on the left and
layered structures on the right.
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was allowed to cool and then filtered through a 0.22 μmmembrane filter.
This procedure affords monodisperse silver nanoparticles having dia-
meters that can be adjusted from 40 to 100 nm, where the size depends
on the relative concentrations of the reactants.
Preparation of Hollow Gold�Silver Nanoshells. As de-

scribed previously,15,53 a potassium-containing basic solution of gold
salt (K-gold solution) was prepared by adding 0.025 g of potassium
carbonate (K2CO3) to 100 mL of Milli-Q water, and then 2 mL of 1%
HAuCl4 3H2O solution was added under vigorous stirring. The mixture
changed from a yellow color to colorless after the reaction had
proceeded for an additional 30 min. Finally, the flask was covered with
aluminum foil to shield it from light, and the solution was preserved in
the refrigerator for 12 h before being used.

Gold was deposited by treatment of the silver nanoparticles with
K-gold solution. In a typical procedure, 2 mL aliquots of silver colloid
were placed in small vials under vigorous stirring. Varying amounts of
K-Gold solution (0.2�6 mL) were added to separate vials to produce
nanoparticles with varying gold content. Each mixture was stirred for at
least 10 min, and the color was observed to change from light yellow to
purple, dark blue, or blue depending on the core-shell dimensions. The
mixture was left at room temperature for at least one day to achieve
complete coating and later centrifuged at 2500 rpm for 30 min using an
RC-3B refrigerated centrifuge (Sorvall Instruments), and redispersed in
Milli-Q water prior to analysis.
Characterization Methods. The size and morphology of the

composite nanoparticles were characterized by field emission scanning
electron microscopy (FE-SEM), transmission electron microscopy
(TEM), and dynamic light scattering (DLS). For the FE-SEMmeasure-
ments, a JEOL JSM 6330F instrument was used, operating at an
accelerating voltage of 15 kV. For the TEM measurements, a JEOL
JEM-2000 FX electron microscope was used, operating at an accelerat-
ing voltage 200 kV. The samples were prepared by placing small aqueous
drops of the dispersed metal nanoshells on a silicon wafer (for FE-SEM)
or a copper grid (for TEM) and allowing the solvent to evaporate. The
DLS data were collected using an ALV-5000 Multiple Tau Digital
Correlation instrument operating with a 514.5 nm light source at a
fixed scattering angle of 90�. The sample diameters measured by DLS
were consistent with the values obtained by FE-SEM and TEM. The FE-
SEM images were processed using the Java-based "ImageJ" program, and
the size histograms were constructed from the analysis of at least 200-
300 particles. X-ray diffraction was performed using a D-5000 with
monochromatic Cu KR radiation (λ = 1.540562 Å) to confirm the
structure. Energy-dispersive X-ray spectroscopy (EDX) analysis mea-
surements were collected using oxford EDX attached to the TEM
microscope. The data were analyzed using INCA software, Oxford
Instruments) to afford the elemental composition of the nanoparticles.
Similarly, X-ray photoelectron spectrometry (XPS) measurements were
analyzed using a PHI 5700 XPS equipped with monochromatic Al KR
X-ray source. All UV visible spectra were recorded at room temperature
on a Cary 50 Scan UV�visible spectrometer over the wavelength range
of 250�1100 nm.

’RESULTS AND DISCUSSION

Colloidal silver particles having various sizes were prepared
by reducing selected aliquots of an aqueous AgNO3 solution
with sodium citrate. From the SEM images and DLS measure-
ments, silver nanoparticles with diameters of 40 ( 5, 60 ( 5,
80( 7, and 100( 9 nm were prepared by judiciously choosing
the relative amounts of the reactants and by controlling the
heating rate. Notably, increased heating rates led to smaller
particles. The detailed reaction conditions employed in the
particle synthesis are summarized in Table 1. SEM images of

these silver nanoparticle cores and their corresponding particle
size distribution are provided in Figure 2.
Morphology of the Hollow Gold�Silver Nanoshells. The

growth of the hollow gold�silver nanoshells was achieved using
an established replacement reaction.34 By varying the amounts of
K-gold solution added to an aqueous stock solution of silver
nanoparticles, a series of unique bimetallic nanoparticles with
hollow cores was produced. As detailed in the following para-
graphs, Figures 3 and 4 and Figures S1�S3 in the Supporting
Information show SEM and TEM images of 100, 80, 60, and
40 silver nanoparticles before and after they were treated
with selected volumes of K-gold solution (individually, not
successively). Upon the addition of a small aliquot of K-gold
solution, a small pinhole (or pinholes) form(s) at the surface of
the particles due to the oxidation of Ag by Au.45 When larger
aliquots of K-gold solution are added to the silver core particles,
the pinholes grow into larger cavities. At a critical volume of
added K-gold solution, which varies depending on the size of the
core particle, a gold shell encapsulates the particle, leading to a
bimetallic having a partial hollow interior (see Figure 1). We
believe that this mechanism is operative for all of the particles
studied in this investigation.
Figure 3 shows SEM images of the 100 nm silver core particles

before and after treatment with K-gold solution. In these
samples, the cavities become clearly discernable only after the
addition of g1 mL of the solution (i.e., Figure 3c,d). For
the 80 nm silver core particles, the point at which the cavities
become discernable is more difficult to judge by SEM (see Figure S1
in the Supporting Information); however, imaging of these
particles by TEM reveals the appearance of pinholes and the
growth of cavities immediately upon the addition of the K-gold
solution (see Figure 4). In these images, the deposition of gold
atoms on the silver core to form bimetallic nanoparticles and
the formation of hollow cores can be discerned by noting the
difference in contrast between inner and outer regions of the
particles.54 In Figure 4, pinholes become visible upon the
addition of 0.8 mL of K-gold solution (Figure 4b), and larger
holes can be discerned with the addition of larger volumes of
K-gold solution (Figure 4c,d). Increasing the amount of K-gold
solution added past 1 mL up to a critical volume of 3 mL leads to
the deposition of a gold shell on the exterior of the particle with a
concomitant etching of the Ag core to create a hollow interior.31

At 3 mL of K-gold solution added, a complete or nearly complete
Au shell is formed (Figure 4e). In contrast, the critical volume
required for partial core removal and complete shell formation
for the 60 nm core particles is 5 mL (see Figure S2 in the
Supporting Information), whereas that for the 40 nm core
particles is 1.5 mL (see Figure S3 in the Supporting Information).
Please note that the critical volumes listed here for each
nanoparticle core size were determined by visual inspection of
the color of the nanoparticle solutions and the corresponding

Table 1. Conditions for the Preparation of Silver Nanopar-
ticles Having Different Diameters

particle size

(nm)

reactant

(mmol)

reducing agent

(mL)

size standard deviation

(nm)

100 0.3 2 9

80 0.2 2 6

60 0.1 2 4

40 0.1 5 5
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SEM and TEM images of the particles in the differently colored
solutions. Also, the variance in the volume amounts is probably
due to concentration differences between the various batches of
nanoparticles.
Compositionof theHollowGold�SilverNanoshells.Weused

XRD, EDX, and XPS to characterize the elemental composition of

the hollow gold�silver nanoshells formed by the replacement
reaction. Figure 5 shows the XRD patterns of pure Ag, Au, and
bimetallic Au/Ag nanoparticles. For pure Au nanoparticles
(Figure 5a), a strong band is observed at 2θ = 38.14 and 45.39,
which corresponds to the (111) and (200) crystallographic planes.
Three additional peaks appear at 2θ=64.54, 77.50, and 81.67, which

Figure 2. SEM images of silver nanoparticle cores and particle size distributions: (a) ∼40, (b) ∼60, (c) ∼80, and (d) ∼100 nm in diameter.
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correspond to the (220), (311), and (222) crystallographic planes,
respectively. For pure Ag nanoparticles (Figure 5b), a strong band is
observed at 2θ = 38.05 and 45.20, which corresponds to the (111)

and (200) crystallographic planes. The three additional peaks at
2θ= 64.38, 77.36, and 81.77 corresponding to the (220), (311), and
(222) crystallographic planes, respectively. In the case of the Au/Ag
bimetallic nanoparticles (Figure 5c), the peaks appear at 2θ = 38.27,
45.02, 64.76, and 77.80, which correspond to the (111), (200),
(220), and (311) crystallographic planes, respectively. These results
show that all reflections are similar, with similar lattice constants,
d-values, and 2θ values that lie extremely close to each other
(JCPDS 4-083, 4-0784).55 We note also that a peak at 2θ = 45.5
appears in the XRD patterns of the pure Au nanoparticles and the
Au/Ag bimetallic nanoparticles (Figures 5a and 5c); this peak is
characteristic of NaCl, which can plausibly be produced from the
reaction between HAuCl4and trisodium citrate.
Figure S4 in the Supporting Information shows the EDX

spectrum of the ∼80 nm silver nanoparticles after 1.0 mL of
K-gold solution was added. The spectrum confirms the presence
of gold peaks (MR and LR) at 2.12 and 9.71 keV, respectively,
and characteristic peaks of silver (LR and Lβ) at 3.05 and
3.20 keV, respectively. Also a small peak characteristic of copper
is observed from the supporting copper grid used for analysis. We
also used EDX to determine the elemental ratio of gold and silver
in the nanostructures. Table 2 shows the Ag/Au ratio determined
by EDX for the∼80 nm silver nanoparticles after adding selected
volumes of K-gold solution. The asymptotically decreasing trend
in these data is consistent with a growth model in which Au was
deposited on the surface, and Ag was partially dissolved from the
interior, giving rise to the formation of a hollow structure. Similar

Figure 3. SEM images of (a) silver nanoparticles∼100 nm in diameter
after reaction with (b) 0.5, (c) 1, (d) 2, and (e) 4 mL of K-gold solution.

Figure 4. TEM images of (a) silver nanoparticles ∼80 nm in diameter
after reaction with (b) 0.8, (c) 1.0, (d) 1.5, and (e) 3.0 mL of K-gold
solution.

Figure 5. XRD spectra of (a) gold nanoparticles, (b) silver nanoparticles
(∼80 nm), and (c) the ∼80 nm silver nanoparticles after 1.5 mL of
K-gold solution was added.

Table 2. EDX-Determined Elemental Ratios of 80 nm
Hollow Au�Ag Nanoshells as a Function of the Amount of
K-Gold Solution Added

K-gold solution (mL) Ag Au Ag/Au

0.8 52.96 4.26 12.43

1.0 38.05 5.49 6.93

1.5 32.58 9.36 3.48

3.0 11.87 3.61 3.29
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trends were observed for all of the silver nanoparticle cores.
Furthermore, the ratio of Ag/Au reached a plateau of∼3.0 for all
of the nanoparticle sizes examined.
We also employed XPS to measure the ratio of silver to gold

in the nanostructures. Figure S5 in the Supporting Information
shows the XPS spectrum of the 80 nm silver core particles after
the addition of 1.0 mL of K-gold solution. Figure S5a in the
Supporting Information shows the Ag(3d) peaks observed at
binding energies of 368.1 and 374.2 eV, whereas Figure S5b in
the Supporting Information shows the Au(4f) peaks at 83.9 and
87.7 eV. On the basis of a standard deconvolution of the peak
intensities, the elemental ratios of Ag to Au in the nanostruc-
tures as a function of K-gold solution added are summarized in
Table 3. The XPS data are consistent with the EDX data in the
sense that both analyses confirm an asymptotic decrease in the
Ag/Au ratio for the bimetallic nanoparticles as the amount of
K-gold solution was increased. As a whole, these data are
consistent with the SEM and TEM images, which are collectively
consistent with a model in which Ag is partially lost from the inside
of each particle to afford a hollow interiorwhile a complete gold shell
forms on the exterior. We are confident that the shell is complete
because both the EDX and the XPS data ultimately plateau and
remain constant, with no further changes in the ratio of Ag/Au
(i.e., both Au shell formation and Ag interior etching cease once the
shell growth is complete, and the pinholes have been sealed).
Importantly, a side-by-side comparison of the EDX and XPS

data provides strong evidence for the formation of partially
hollow gold�silver nanoshells in which gold is concentrated
on the outermost region of the bimetallic shell. When character-
izing metal nanoparticles∼80 nm in diameter, EDX samples the
bulk composition of the particles, while XPS is a surface-sensitive
technique, sampling only the outermost region of the particles.
Specifically, the Ag/Au ratio of the hollow gold�silver nano-
shells measured by EDX is higher than that measured by XPS
because the electron beam in EDX can probe to a depth of 1-2
micrometers, while XPS can probe to a depth of no more than
10 nm.56,57 A previous study by Liz-Marz�an and co-workers using
the scanning transmission electron microscopy-X-ray energy
dispersive spectroscopy (STEM-XEDS) provides independent
support for the proposed structural model.58 Specifically, their
elemental mapping of galvanically generatedmultishell bimetallic
Au@Ag@Au nanoparticles showed that Au is located largely in
the outer shell, and Ag is located beneath the shell, leaving a small
void space at the core of the particle. Although the analyses by
STEM-XEDS, XRD, EDX, and XPS analyses do not rule out the
possibility of alloy formation, the data strongly suggest the
separation of gold and silver in the particles; moreover, the
observed long extinction wavelengths (vide infra) are consistent
with gold shells rather than alloy or silver shells.15

Scheme 1 provides an illustration of the proposed galvanic
replacement reaction between the Ag(0) nanoparticle cores
and the Au(III) K-gold solution.30�36,50,58 Upon the addition
of K-gold solution, the Au atoms begin to deposit on the Ag
nanoparticle surface, which leads to the formation of an incom-
plete Au shell. At the same time, the Ag(0) core begins to oxidize
and generates a pinhole on the surface. As the K-gold solution
continuous to deposit Au(0) on the surface, a larger cavity is
generated in the interior with concomitant formation of Ag(I).
As the Au(0) continues to deposit onto the exterior of the Ag
nanoparticle, the Au shell becomes complete, and a bimetallic
gold�silver nanoshell with a partial hollow cavity is produced.
Optical Properties of the Gold-Coated Silver Nanoparti-

cles. Figure 6 shows the extinction spectra of silver nanoparticles
having four distinct sizes. The plasmon resonance is strong, and
its maximum red-shifts with increasing particle diameter (λmax =
392, 419, 438, and 461 nm for the 40, 60, 80, and 100 nm
particles, respectively). Notably, our purification method, which
involves membrane filtration to eliminate any aggregated Ag
nanoparticles before the addition of K-gold solution, can plau-
sibly lead to a variation in the concentration of Ag nanoparticles
across the various size-specific stock solutions. Consequently, it
is difficult to compare the red shifts for a given volume of added
K-gold across the different sizes of Ag nanoparticles. However,
for a given size of Ag nanoparticle, the concentrations are the
same for each volume of K-gold added, which allows for ready
monitoring of the shift of the surface plasmon resonance in
these cases.
This result indicates that the plasmon resonance depends

explicitly on the particle size, which can be rationalized by Mie
theory.59 When small volumes of K-gold solution were added to

Table 3. XPS-Determined Elemental Ratios of 80 nmHollow
Au�Ag Nanoshells as a Function of the Amount of K-Gold
Solution Added

intensity atomic concentration

K-gold solution (mL) Ag Au Ag/Au Ag Au Ag/Au

0.8 6262.18 1031.94 6.06 20.84 3.17 6.57

1.0 12112.96 2804.41 4.32 35.16 7.51 4.68

1.5 7634.05 5233.11 1.46 25.84 16.34 1.58

3.0 12139.17 8530.50 1.42 27.18 17.62 1.54

Scheme 1. Proposed Reaction between Silver Nanoparticles
and K-Gold Solution

Figure 6. UV�vis spectra of silver nanoarticles having four
distinctive sizes.
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the aqueous dispersions of silver nanoparticles, the extinction
maxima were red-shifted to relatively long wavelengths. Figure 7
shows the extinction spectra of 100 nm, 80 nm, 60 nm, and 40 nm
particles before and after reaction with different volumes of
K-gold solution. The 100 nm core particles have an initial
extinctionmaximum at 461 nm. The volumes of K-gold solutions
were subsequently doubled beginning at 0.5 mL up to 4 mL. At
0.5 mL, the extinction maximum is red-shifted to 735 nm. At
1 mL, an extinction maximum of 820 nm is achieved. At 2 mL, an
extinctionmaximum of 875 nm is observed. A red shift to 925 nm
was achieved upon addition of 4 mL of K-gold solution. For the
80 nm particles, the initial extinction maximum appears at

438 nm and red-shifts to a maximum at 937 nm upon the
addition of 3 mL of K-gold solution. The 60 nm particles exhibit
an initial extinctionmaximum at 419 nm and reach amaximum at
1050 nm upon the addition of 5 mL of K-gold solution. The
40 nm particles exhibit an initial extinction maximum of 392 nm,
which red-shift to 1000 nm after the addition of 1.5 mL of K-gold
solution.
These spectral changes can be attributed to the deposition of

thin gold layers on the surface of the silver nanoparticle
templates.58 The broadness and intensity of the surface plasmon
band depends primarily on the shape and coverage of the gold
shell.60,61 As the volume of added K-gold solution is increased,

Figure 7. UV�vis spectra of (a) 100, (b) 80, (c) 60, and (d) 40 nm particles before and after reaction with different volumes of K-gold solution.

Figure 8. Photographs of aqueous dispersions of ∼60 nm silver nanoparticles before and after reaction with selected aliquots of K-gold solution.
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the extinction bands broaden and systematically shift to longer
wavelengths -- eventually into the near-IR region. These red-
shifts in band position are believed to be related to the formation
of pinholes in the composite nanoparticles.62,63 Importantly, the
use of K-gold in this galvanic replacement reaction appears to be
responsible for the extreme red-shifts observed in the extinction
spectra of our nanoparticles when compared to those of similar
hollow gold and gold�silver nanoshells (vide supra). Although
we do not presently understand the mechanism(s) giving rise to
this difference, we note that solution pH has been shown to play
an important role in tuning the morphology and optical proper-
ties of gold colloids synthesized by wet chemical methods, with
higher pH values leading to particles with longer extinction
wavelengths.64,65 We wish to address this issue more definitively
in future studies.
Figure 8 shows a photograph of six aqueous solutions of

∼60 nm gold-coated silver nanoparticles, demonstrating that the
color can be tuned from yellow to blue to colorless, with the latter
particles absorbing in the near IR rather than the visible. The
tuning of the optical properties was accomplished by the
structural transformation from solid silver nanoparticles to
Au�Ag hollow gold�silver nanoshells of varying composition.
This demonstration of optical tuning highlights the potential use
of these metal nanostructures in applications that require ultra-
small nanostructures with high extinction coefficients in the near-
IR region.48,63,66�68

’CONCLUSIONS

This report demonstrates the growth of partially hollow gold�
silver nanoshells. Monodispersed silver core particles ranging
systematically from 40 to 100 nm were obtained by the reduction
of silver nitrate with sodium citrate. Treatment of these particles
with K-gold solution led to rapid etching of the silver core and
concomitant deposition of gold on the surface of the particles. The
morphology, composition, and optical properties of the resultant
metal/metal hollow nanoshells were characterized by FE-SEM,
TEM, EDX, XRD, XPS, and UV-vis spectroscopy. By varying the
volume of the K-gold solution added to the suspension of Ag
templates, the plasmon resonance of the hollow gold�silver
nanoshells were generally broad tunable to specific wavelengths
across the visible and near-infrared regions of the electromagnetic
spectrum. These new nanostructures are attractive for use in
applications that require small nanoparticles with strong extinc-
tions in these spectral regions.

’ASSOCIATED CONTENT

bS Supporting Information. SEM images showing the
growth of the 80 nm nanoshells; TEM images showing the
growth of the 60 nm and 40 nm nanoshells; EDX and XPS
spectra of the 80 nm nanoshells (PDF). This material is available
free of charge via the Internet at http://pubs.acs.org.
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