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A
versatile method to prepare po-

rous hollow nanoparticles with tun-
able dimensions, porosity, and pho-

tonic properties would offer a modular

route to structures that have potential use

in numerous applications. One example is in

the area of photodynamic therapy, where

the use of nanoparticles as drug-delivery ve-

hicles relies on their having the appropri-

ate size and shape for efficient endocytosis

as well as their photonic properties for their

optical response.1�4 Optical markers and

biological tracers would also benefit from

the unique photonic properties imparted

from the small size and large surface area

of nanoparticles.5�11

We have developed an adaptable ap-

proach for preparing materials of engi-

neered size, shape, composition, and poros-

ity. A scalable approach to the synthesis of

these materials is through solution-phase

synthesis of nanostructures that are tem-

plates for the further growth of an exterior

shell that can serve as the precursor to the

desired hollow structure. Through selective

removal of the core template,12�14 a hollow

structure can be isolated. Tuning the com-

position and porosity of these materials is

not as straightforward as tuning the size

and shape, which depend on the same fea-

tures within the original template. Unlike

previous demonstrations of the synthesis

of porous hollow nanorods,15,16 we opted

to use a polycrystalline nanorod17�20 as the

sacrificial template to direct the growth of

the exterior shell. The consequence of there

being multiple reactive sites along the poly-

crystalline nanorod is that reactions take

place simultaneously along the length of

the template. This increase in reactive sites

relative to previous demonstrations in the

literature leads to a fine control over the fi-

nal porosity and composition of the iso-
lated hollow nanorod as demonstrated
herein. We further demonstrate the versatil-
ity of our method by tuning the length, di-
ameter, and photonic properties of the iso-
lated hollow nanostructures.

Two prerequisites are necessary to take
full advantage of porosity as a parameter
to develop an adaptable approach to pre-
pare materials with tunable surface area
and photonic properties. One is a nano-
scale template with controlled morphol-
ogy, composition, and dimensions. The
other is a convenient, scalable synthetic
technique capable of transferring the topo-
logical information programmed into the
template to that of a final structure. Our
method addresses both requirements by
taking advantage of the beneficial features
of two synthetic strategies. (1) The tem-
plates are grown using electrochemical
deposition, which is ideal for controlling re-
action rates and localizing the template
growth to a confined volume. (2) Galvanic
replacement is an efficient and tunable pro-
cess for the formation of hollow nanostruc-
tures of desired dimensions and porosity.
Because the galvanic Ag ¡ Au replacement
reaction proceeds from the exterior to the

*Address correspondence to
bgates@sfu.ca.

Received for review January 31, 2009
and accepted May 06, 2009.

Published online May 13, 2009.
10.1021/nn900099t CCC: $40.75

© 2009 American Chemical Society

ABSTRACT An important aspect of synthesizing designer nanostructures is fine-tuning their size, composition,

and surface area. These parameters often dictate the unique properties of nanoparticles relative to their bulk

counterpart. This paper reports the synthesis of porous metal nanorods with well-controlled dimensions, porosity,

and photonic properties. The growth of each nanostructure is directed by a polycrystalline sacrificial template of

silver with well-defined, tunable dimensions. This template can be selectively etched to isolate a porous hollow

nanostructure. The porosity, composition, and photonic characteristics of this nanostructure are adjustable by

controlling the reaction conditions.

KEYWORDS: porous nanorods · hollow nanostructures · electrodeposition ·
galvanic replacement · template directed synthesis · polycrystalline silver
nanorods · surface plasmon resonance
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interior of the template, it can be stopped at any point,

the remaining silver template can be selectively etched,

and a hollow structure with controlled porosity can be

isolated. Fine-tuning the final porosity is possible be-

cause it is a direct function of the amount of gold de-

posited onto the template before etching.

RESULTS AND DISCUSSION
The growth of uniform cylindrical templates is illus-

trated in Figure 1. A high level of control over dimen-

sionality is achieved by confining the solution-phase

electrochemical deposition of the silver to the inside of

the vertical channels (�6 �m in length, 10�100 nm in

diameter) provided by commercially available Sterlitech

track-etched polycarbonate (Figure 1a). The growth is

directed by capping one end of the channels by ther-

mally evaporating a 200 nm thick aluminum film onto

one side of the polycarbonate, which also acts as the

working electrode during the electrodeposition of sil-

ver into the pores of the polycarbonate substrate. The

electrodeposition is carried out by filling the open chan-

nels with an electrolyte solution containing a silver salt

(in the present case, AgCN) and applying an appropriate

voltage. Prior to electrodeposition, the channels must

be exposed to oxygen-based plasma to reduce their hy-

drophobic nature. Without this pretreatment, pockets

of air readily trap within the channels, which would de-

crease the yield of electrochemically grown silver nano-

structures. The two-fold increase in the number of chan-

nels containing silver nanostructures produced when

the electrochemical reaction is carried out within the

hydrophilic channels supports the need for this plasma

treatment.21 Alternatively, the pores of the membranes

can be modified with Sn2�, as described in the Meth-

ods, to maximize the yield of nanorods (Figure 1b). On

the basis of the manufacturer supplied pore density of 6

� 108 pores/cm2 and a deposition area of �3.46 cm2,

we estimate that each electrodeposition process yields

�2.1 � 109 silver nanorods. Larger sample sizes can be

achieved by combining the nanorods from multiple

processes. The filled channels are observed after selec-

tively removing the aluminum electrode by wet chemi-

cal etching with an aqueous base (KOH) and imaging

the resulting film by SEM.

The growth of the silver templates is controlled by

regulating the voltage applied to the channels during

the electrochemical reduction of the silver cation within

the physical molds. The dimensions of the final struc-

tures can be confirmed by imaging them (Figure 1d�f)

after selectively removing both the aluminum elec-

trode (with aqueous KOH) and polycarbonate mold

(with CHCl3) and purifying them by repeated centrifuga-

tion and washing steps (see Methods for the purifica-

tion procedure). Although the electrodeposition will

proceed as long as the applied potential is sufficient to

reduce Ag� to Ag0 at the growing electrode surface, the

Figure 1. Scanning electron microscopy (SEM) images and schematic representations of (a) the polycarbonate substrate
containing one-dimensional, vertical pores that serve as physical molds for the growth of silver nanostructures, (b) the pores
after electrodeposition of silver within them, (c) the isolated silver nanostructures after dissolving the aluminum electrode
film and the polymer substrate, and (d�f) silver nanorods with diameters of 160, 105, and 60 nm and lengths ranging from
1.5 to 3.5 �m (� � average diameter and L � average length). The inset in (c) contains a transmission electron microscopy
(TEM) image that shows the polycrystalline nature of these silver nanorods.
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rate of metal deposition and delivery of reactants to
the electrode must be moderated by adjusting the ap-
plied potential. The optimal difference in potential is
approximately 1.75 V relative to a Ag/AgCl reference
electrode, which fills the channels in the polycarbon-
ate substrate with silver at an average vertical growth
rate of �75 nm s�1 (Figure 2). Larger differences in po-
tential (�2.00 V) result in electrodeposition at a rate
that is too high to control the dimensions of the nano-
structures, and upon filling the channels, excess silver
continues to deposit and eventually covers the polycar-
bonate substrate with large irregular aggregates of
metal.22 At the lower difference in potential (1.75 V), cy-
lindrical anisotropic nanoparticles (nanorods) can be
grown with lengths up to 3.5 �m by regulating the du-
ration of the electrochemical reaction.

We anticipated that the length of the isolated nano-
rods would consistently increase with the length of
electrodeposition. However, observations of the aver-
age length of nanorods obtained after reaction times
up to 60 s at 1.75 V indicate the trend deviates from lin-
earity (Figure 2). The growth rate of the silver nano-
rods decays exponentially from 180 to �20 nm s�1 as
the length of the nanorods increases. This apparent de-
crease in growth rate might be the result of fragility of
these high aspect ratio nanostructures, especially those
approaching lengths of 6 �m.23 nanorods of a diverse
range of lengths are present in Figure 1d. These struc-
tures could break into shorter fragments from the re-
peated cycles of centrifugation during the purification
process. This fragmentation could account for the larger
deviation in particle lengths observed for longer peri-
ods of electrodeposition.

Nanostructures grown within the cylindrical pores
of each track-etched polycarbonate substrate mimic
the shape and dimensions of the channels that con-
fine their growth, albeit they are �55 nm larger (60,
105, and 160 nm) than the diameters reported for the
channels in the substrate (10, 50, and 100 nm). Care

must be taken when relying on the reported dimen-
sions of the polycarbonate substrate as they are often
measured using SEM techniques to image only the ex-
terior opening of the channel, which is inconsistent
with the actual diameter of the channel within the sub-
strate. Our findings on the mismatch between these
two dimensions are consistent with other reports.23,24

The silver nanorods grown by our method have aspect
ratios between �20 and 150, which show the height-
ened control over the final dimensions as compared to
solution-phase synthesis.25�28

Another difference between silver nanorods grown
by solution-phase synthesis and our electrochemical
deposition is the crystallinity of the products. Silver
nanorods grown by our electrodeposition technique
are polycrystalline. Multiple crystal boundaries with ir-
regular orientations are observed along each nanorod
when observed by TEM (Figure 1c inset). nanorods of
silver grown by solution-phase techniques are, how-
ever, composed of pentagonally twinned crystalline lat-
tices, each extending the length of the nanorod.26

These regular crystalline lattices of silver were used for
the first demonstrations of galvanic replacement reac-
tions on anisotropic silver nanostructures.15,16 It is our
expectation that polycrystalline nanorods of silver will
react faster and more uniformly along the length of the
nanorod during the galvanic displacement reaction.
This prediction is partially based on the reactivity of at-
oms at the boundaries between each crystalline
facet.29,30 A nanorod of polycrystalline silver offers mul-
tiple reactive sites along the length of the nanostruc-
ture. Another impediment for a uniform galvanic dis-
placement reaction on the pentagonally twinned
crystalline lattices is the preference of surfactants to
bind to the {100} facets, which run the length of these
nanorods.26,28 Therefore, the surfaces preferentially ex-
posed during galvanic replacement are the {111} facets
located at each end of the these anisotropic nanostruc-
tures. Multiple facets exposed along the length of our
silver nanorods grown by electrodeposition should im-
prove the uniformity and speed of the galvanic dis-
placement process along the length of the nanorod.

The dimensionality of the nanorod template can be
translated to the final nanostructure with a high level of
control. The exposed surfaces of the silver template are
sacrificed (oxidized to soluble silver salts) by galvanic re-
placement during growth of the gold or alloy-based
nanostructures (Figure 3). During the initial stages of the
exchange reaction, the surface of the silver nanorod is
decorated with gold nanoparticles (Figure 3a). As the re-
action proceeds, the silver template is coated with an in-
creasingly dense shell of gold metal. We selectively etch
the remaining silver template in the presence of ammo-
nium hydroxide. This process removes the silver core of
the nanorod template as well as any silver chloride pre-
cipitate remaining from the galvanic replacement reac-
tion. After this etching process, the isolated metal struc-

Figure 2. Dependence of silver nanorod length (L) on the
duration of electrodeposition (t). Data for this plot were col-
lected for 160 nm diameter silver nanorods electrodepos-
ited into the pores of a polycarbonate membrane. Error bars
are plotted to represent one standard deviation from a
population of at least 25 nanorods.
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tures are hollow, porous nanostructures (Figure 3b). The
hollow nanostructures have dimensions larger than those
of the silver templates. A possible contribution to this in-
crease in dimensions is that the galvanic reaction pro-
ceeds through a surface dominated reaction. Gold atoms
initially deposit onto the surface of the silver nanorod
templates and form either particles of gold or Au�Ag.
The increase in dimensions is measurable. For example,
a 60 nm diameter silver nanorod template produces 80
nm diameter hollow nanorods following the galvanic re-
placement process (Figure 3c). Our metal nanostructures
synthesized by galvanic replacement and selective etch-
ing are mechanically stable. Polyvinylpyrrolidone (PVP)
used to disperse the silver templates following removal
of the polycarbonate substrate can also be used to dis-
perse the porous hollow nanostructures. This surfactant
prevents these metal nanostructures from irreversibly ag-
gregating (cold welding). The purification procedure in-
volves repeated centrifugation steps and subsequent dis-
persion in the rinse solvent by vortexing or otherwise
vigorously shaking the sample. The porous hollow nano-
structures remain intact following this purification
process.

The mechanism of galvanic replacement for our
polycrystalline silver nanorods is different from that for
the pentagonally twinned nanorods with regular crys-
talline lattices of a five-fold symmetry. We synthesized
silver nanorods with a pentagonally twinned lattice by
a solution-phase technique28 to compare the reactivity
of this template with the nanorods grown by elec-
trodeposition. Galvanic replacement on the twinned
crystalline lattices initiates at only a few sites randomly
along the nanorod (Figure 4) in contrast to the polycrys-
talline nanorods with multiple sites of gold deposition
distributed over the length of the nanorod. This differ-
ence is observed in the nonuniform porosity along the
twinned crystalline lattice of silver during galvanic re-
placement as well as the lack of structural uniformity af-
ter isolation of the hollow nanorod. Extension of this re-
placement process to silver nanorods with randomly
oriented crystalline domains along the length of the
template increases the number of reactive sites. The in-
creased reactivity along the silver template strength-

ens the shell of the isolated hollow nanorod following
etching of the remaining silver with ammonium hy-
droxide. The different mechanism of reactivity between
our nanorods and the pentagonally twinned nanorods
could lead to more than a structural difference in the
product. This distinction also produces nanostructures
with a noticeable difference in porosity. Our approach
leads to a hollow nanorod with a wider range of syn-
thetically accessible porosities.

Our method for the synthesis of porous hollow
nanostructures produces particles with a controlled
composition and porosity. Figure 5a summarizes our
approach to controlling these parameters. Control is
achieved through regulating conditions of the galvanic
replacement reaction, such as the concentration of
gold salt. Elemental analysis by energy dispersion X-ray
spectroscopy (EDS) confirms the composition of the
particles during each stage of the galvanic replacement
reaction (Figure 5b). These measurements indicate a de-
crease in silver content with progressively increasing
concentrations of gold salt used during the replace-
ment reaction. Electron microscopy analysis provides
further insight into the different stages of the reaction.
The morphology of the hollow metal nanostructures is
tuned by controlling the dimensions of the silver tem-
plate and the conditions of the galvanic replacement
process. The silver nanorod templates can be converted
into hollow metal nanostructures with controlled po-
rosity (Figures 4d�f and 5c�e). Analysis by EDS and
X-ray photoelectron spectroscopy (XPS) has identified
that these hollow nanostructures contain both gold and
silver. Etching the silver core with NH4OH does not re-
move the silver from this alloy, which is different from
the results reported previously by Murphy.14 The
silver�gold alloy increases the stability of the hollow
structure isolated at early stages of the galvanic replace-
ment reaction.

In order to confirm the presence of a gold�silver al-
loy in the porous nanorods, several samples were ana-
lyzed by XPS.32 In a nanorod containing 80% gold and
20% silver, the positions of the Ag 3d doublet are
368.08 and 374.10 eV and the Au 4f doublet are 84.18
and 87.85 eV. These peak positions match the XPS re-

Figure 3. (a�c) These SEM images are of nanostructures prepared by galvanic replacement reactions of silver nanorod
templates. The process begins with (a) the deposition of gold nanoparticles onto the surface of 160 nm diameter silver tem-
plates, followed by (b) selective etching of the remaining silver core with ammonium hydroxide to produce hollow struc-
tures of a gold�silver alloy (the inset shows a TEM image of a single hollow nanorod). This process can also be extended to
(c) templates of 60 nm diameter silver nanorods.
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sults for a gold�silver alloy in ref 33. In addition, the

binding energy of gold shifts toward that of pure gold

(84.0 and 87.7 eV) as the gold content of the nanorods

increased from 0 to 86%. This shift can be attributed to

a loss of silver in the alloy. Conversely, the binding en-

ergy of silver shifts further from that of pure silver (368.4

and 374.4 eV) with an increasing concentration of gold.

This XPS analysis confirms the formation of an alloy

and the concentration of gold and silver in each of the

porous, hollow nanorods. In addition, compositions of

the nanorods in Figure 5c�e were determined to be

Au0.31Ag0.69, Au0.71Ag0.29, and Au0.86Ag0.14, respectively.

The porosity of the hollow nanostructures is tuned

by varying the amount of added gold salt (Figure

5c�e). Increasing the concentration of Au3� from 0.02

to 0.14 mM leads to a significant decrease in both the

Figure 4. These SEM images show the different morphologies of porous nanorods when the templates are pentagonally
twinned nanorods (a�c) vs our polycrystalline nanorods (d�f). The insets contain high-magnification TEM images to empha-
size the differences in porosity and structural uniformity of the hollow nanorods. All of the nanorods in these images have
been treated with ammonium hydroxide to etch away the excess silver following the galvanic replacement process.31

Figure 5. (a) Summary of the galvanic replacement process illustrating how the silver templates are converted into porous
hollow nanostructures of gold or a gold�silver alloy. The open ends of the cartoons are not meant to imply the structures
are not capped on the end with metal, but are simply used to reveal the interior of each structure. (b) EDS data for the hol-
low metal nanostructures shown in (c�e) indicate a decreased silver content with increasing gold salt concentration. (c�e)
SEM images of porous hollow nanorods prepared by galvanic replacement and selective etching. Increasing the total con-
centration of gold salt (c) 0.02 mM, (d) 0.14 mM, (e) 0.53 mM varies the porosity and composition of the isolated nanostruc-
ture from (c) a porous gold�silver alloy to (d) a hollow gold�silver alloy to (e) a porous structure of predominately gold.
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dimensions and density of the pores within the hollow

nanostructures, and a more complete shell of gold and

silver surrounds the template as is clearly seen by com-

paring the SEM images in Figure 5c,d. Pore size in these

two products decreases from an average of �50 to

�30 nm along with a large decrease in pore density

from 4.8 � 0.6 pores/100 nm for the sample in Figure

5c to 0.52 � 0.16 pores/100 nm for the sample in Fig-

ure 5d. These pore densities were obtained by count-

ing pores within the nanorods as observed in the SEM

images. More accurate methods for measuring porosity

could not be implemented due to the small quantity

of product from each synthesis. Further increasing the

total gold concentration to 0.53 mM removes more of

the silver from the template and begins to remove sil-

ver from the shell of Au�Ag alloy, leaving a thin shell of

predominately gold over the silver core. The pore size

of the isolated structures increases from �30 to �70

nm along with an increase in the pore density to 4.2 �

0.6 pores/100 nm. The isolated structures are porous

hollow nanostructures of predominately gold (Figure

5e). Reaction time, or length of exposure to the gold

salt, could be varied to further control the porosity and

composition of the isolated metal nanostructures.

Changes in composition and porosity will alter the

photonic properties of the hollow nanorods. UV�vis

spectra were measured for individual silver templates

and porous, hollow nanorods. Comparisons were car-

ried out for the transverse plasmon band. The longitu-

dinal plasmon band is �1000 nm, which is beyond the

range of our spectrometer. The peak intensity of the

scattered light collected from the hollow nanostruc-

tures of a gold�silver alloy and gold is red-shifted when

compared to the original polycrystalline silver nanorod

(Figure 6). The observed spectral red shift is consistent

with a change in composition from a silver nanorod15,34

to a gold nanorod.34,35 The shoulder of the spectral

peaks for our hollow nanorods is consistent with previ-

ously reported observations for hollow nanocubes.

These spectral features were, however, not observed

for hollow nanotubes of alloyed Au�Ag synthesized

from templates of pentagonally twinned silver nano-

rods.15 This result suggests that the shoulder within our

spectral measurements corresponds to the porosity

and morphology of our hollow nanorods. Further spec-

tral shifts may be monitored for analytes binding to

and releasing from the surface of these hollow

nanostructures.36,37 The tunable porosity of our prod-

uct would increase the accessible surface area of the

metal nanostructure for detecting analytes, as well as

decreasing the response time of the material to
changes in analyte concentration within a solution.

CONCLUSIONS
We have developed a simple technique to engineer

hollow metal nanostructures of well-defined porosity, di-
mensions, and photonic properties. These nanostructures
have a tunable diameter, length, and shape that are de-
fined by the sacrificial template used to grow the hollow
product. The electrochemically synthesized templates are
regular, polycrystalline cylindrical silver nanorods with di-
mensions dictated by both the physical mold that con-
fines their growth as well as the conditions for electro-
deposition. The silver template particles are conveniently
converted into hollow metal nanostructures using a gal-
vanic replacement reaction, which offers a versatile ap-
proach to produce robust hollow nanostructures with
tunable compositions, photonic properties, and porosity
(both density and dimensions of the pores can be modi-
fied). These robust hollow metal nanostructures have po-
tential applications in the selective delivery and release
of reagents such as medicinal drugs. Both the porosity (as
demonstrated in this report) and the surface chem-
istry5,38�41 of these metal nanostructures can be simulta-
neously controlled for these and other applications. A
complementary application is the use of the tunable pho-
tothermal properties of these nanostructures that de-
pend on the nanoscale dimensions and composition of
the nanostructure. The photothermal properties of metal
nanostructures have been investigated for destroying
cancer cells.1,16,42,43 We will assess the suitability of our tun-
able hollow metal nanostructures for these applications
in future studies.

METHODS
Setup for Electrodeposition of Silver. Polycarbonate substrates (�6

�m thick and 25 mm in diameter, Sterlitech Inc.) were exposed to
O2 plasma at 0.4 Torr for 30 s using a Harrick Scientific plasma

cleaner. These polycarbonate membranes were immersed into a
solution of 26 mM SnCl2 and 70 mM trifluoroacetic acid in 50% (v/v)
methanol/water for 5 min and subsequently rinsed with methanol
and dried under a stream of N2(g).44 One side of each substrate was

Figure 6. Scattered light from the nanorods red shifts from
530 nm for the solid silver nanorods, to 690 nm for a hollow
nanorod with a complete gold�silver shell (Au0.71Ag0.29), to
740 nm for a porous hollow nanorod of predominately gold
(Au0.86Ag0.14). These are average spectra for single nanorods
with a diameter of 140 nm and a length of �2 �m.
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coated with a 200 nm thick film of aluminum (99.99%, Strem
Chemicals) by thermal evaporation (CHA Industries, Model #SE-
600-RAP, base pressure of �2 � 10�6 Torr) at a deposition rate of
approximately 1 nm s�1. The discs were placed aluminum side
down on the top of an aluminum plate, which was pretreated with
a few drops of a saturated NaCl solution to serve as a conductive
layer between the two aluminum surfaces. A glass tube contain-
ing a Ag/AgCl wire in a saturated aqueous solution of silver chlo-
ride was used as the reference electrode, and a Pt wire (�99.95%,
Strem Chemicals) inserted into a glass tube containing a glass frit
and filled with the electroplating solution was used as the counter
electrode (see Figure S1 in Supporting Information). The elec-
trodeposition setup included a bipotentiostat (Model AFCBP) from
Pine Research Instrumentation controlled using PineChem 2.5
software.

Synthesis of Silver nanorod Templates. The nanorod templates
were synthesized by electrodepositing silver into the pores of
the polycarbonate substrate from a silver plating solution
(Transene Co.) containing 2.6�4.6% (w/v) AgCN. The silver elec-
troplating solution was mixed with a stream of nitrogen gas
bubbles, which were delivered via a glass pipet into the solu-
tion just above the polycarbonate substrate at a nitrogen deliv-
ery rate of �0.5 mL s�1. A difference in potential of 1.75 V be-
tween the working and counter electrode was applied for 10�60
s depending on the desired length of the silver nanostructure.
The growth reaction was monitored by plotting the current as a
function of time using the PineChem software. After the appro-
priate length of time, the polycarbonate substrate was rinsed
with more than 10 mL of 18.2 M	 water and immersed in an
aqueous solution of 30% (w/v) KOH (EMD Inc.) for 30 s to re-
move the aluminum film. The substrate was washed with 18.2
M	 water and dried under a flow of nitrogen gas. The silver
nanostructures were isolated by dissolving the polycarbonate
in �5 mL of CHCl3 (99.8%, Caledon Inc.) for 5 min. The isolated
silver nanostructures were purified to remove the polycarbonate
by concentrating these nanostructures under centrifugation
(2000 rpm, 2 min), decanting the supernatant, and redispersing
the nanostructures in a solution of 0.4% (w/v) polyvinylpyrroli-
done (PVP) in 99.5% EtOH (Aldrich). The centrifuging�
decanting�redispersing process was repeated three times and
mixed in the final wash solution for 3 h. The nanostructures were
further purified by subjecting them to three washing cycles as
described above but replacing the EtOH solution with a solution
of 0.4% (w/v) PVP in 18.2 M	 water. Samples were stable for
�6 months when stored in a 5 mL solution of 0.4% PVP in high
purity water.

Synthesis of Porous Hollow nanostructures. The hollow metal nano-
structures were prepared by galvanic replacement of the silver
in the nanorod template using an aqueous solution of 1 mM
chloroauric acid, which was prepared by dissolving hydrogen
tertracholoroaurate trihydrate (99.99%, Sigma-Aldrich) in water
and allowing this solution to stand for more than 24 h prior to
use to permit complete dissolution of the gold salt under ambi-
ent conditions. The galvanic replacement process was initiated
by heating a 10 mL aqueous suspension of the silver templates
(�4.2 � 109 nanorods) and 0.4% PVP at reflux for 10 min in a
round-bottom flask and treating it with the solution of gold salt
in necessary quantities to achieve a final concentration of
0.02�0.7 mM chloroauric acid (e.g., add 0.2 mL of 1 mM chloro-
auric acid to achieve a final concentration of 0.02 mM). After mix-
ing for at least 1 min, the reaction was cooled and the nanostruc-
tures were purified by three cycles of centrifuging (1000 rpm, 2
min), decanting, and resuspending them in high purity water.
The gold or gold�silver alloy nanostructures were isolated by se-
lectively etching any remaining silver core by dispersing them
in 0.5 mL of ammonium hydroxide (�30% in water, w/w, EMD
Inc.) for at least 30 min. No further change or distinguishable
degradation of the porous nanostructures was observed after
dispersion in a solution of ammonium hydroxide for up to 2 days.
These porous nanostructures were purified by the same method
of centrifuging�decanting�redispersing as used for the silver
templates. The same procedure was used regardless of the di-
mensions of the silver nanorod templates. A variety of chloro-
auric acid concentrations (e.g., 0.02, 0.14, and 0.53 mM) are used
to obtain a variety of morphologies. Characterization of these

structures was performed by SEM, TEM, EDS, XPS, and UV�vis
spectral analysis.

Characterization. The nanostructures were characterized by
scanning electron microscopy (SEM; FEI Strata 235DB FESEM/
FIB, 10 kV) and transmission electron microscopy (TEM; FEI Tec-
nai G2 STEM, 200 kV) each equipped with energy dispersion
X-ray spectroscopy (EDS; EDAX X-ray analyzer). The composi-
tion and binding energies of the nanorods were investigated
with a Kratos Axis Ultra XPS system containing a DLD detector.
A Shirley background correction was applied to all XPS spectra,
and the binding energy was calibrated to Ag 3d5/2 
 368.4 eV.
Photonic properties of our nanostructures were characterized us-
ing bright field illumination with linearly polarized light on a
Zeiss Axio Imager M1m optical microscope. Samples were dis-
persed on glass microscope slides. Scattered light from the nano-
structures was collected with a 150 � objective and analyzed us-
ing a PI Acton MicroSpec-2360 spectrometer with a PIXIS 400BR
CCD camera system.
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