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ABSTRACT  
This paper describes a facile method of preparing cubic Au nanoframes with open structures via the 
galvanic replacement reaction between Ag nanocubes and AuCl2 . A mechanistic study of the reaction 
revealed that the formation of Au nanoframes relies on the diffusion of both Au and Ag atoms. The effect 
of the edge length and ridge thickness of the nanoframes on the localized surface plasmon resonance peak 
was explored by a combination of discrete dipole approximation calculations and single nanoparticle 
spectroscopy. With their hollow and open structures, the Au nanoframes represent a novel class of 
substrates for applications including surface plasmonics and surface-enhanced Raman scattering.
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Hollow nanostructures of noble metals (e.g., Au, 
Pt, and Pd) have gained attention in recent years 
for a variety of applications including catalysis [1], 
optical sensing [2], drug delivery [3], biomedical 
imaging [4 6], and photothermal therapy [7 10] due 
to their tunable optical properties and large surface 
areas. Among various synthetic approaches, the 
galvanic replacement reaction represents the most 
versatile route to bimetallic hollow nanostructures 
[1, 11 16]. Bimetallic hollow nanostructures have 
been synthesized by reacting Ag nanostructures (or 
templates) with a salt precursor containing a less 
reactive metal such as Au, Pt or Pd.  In particular, 
the replacement reaction between Ag nanocubes and 

AuCl4  (Eq. (1)) has been extensively explored as a 
robust method for generating hollow nanostructures 
in the form of nanoboxes and nanocages [17].  

3Ag(s)+AuCl4 (aq)→3AgCl(s)+Au(s)+Cl (aq)     (1) 
T h e  w a l l  t h i c k n e s s  a n d  p o ro s i t y  o f  t h e s e 
nanostructures are determined by the amount of 
AuCl4  added to the reaction system. In practice, 
such control can be easily achieved by titrating Ag 
nanocubes with different volumes of an aqueous 
AuCl4  solution.

Recently, several methods have been utilized to 
further control the porosity and wall thickness of these 
nanostructures. For example, when the corners of the 
Ag nanocubes were truncated before undergoing the 
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replacement reaction, pores formed selectively at the 
corners of the cubic nanostructures [18]. Additionally, 
a wet etchant such as Fe(NO3)3 or NH4OH can be 
used for the selective removal of Ag from the Au
Ag alloy nanostructures after thin layers of Au have 
been deposited onto the surfaces of Ag nanocubes 
[19]. This procedure reduced the wall thickness and 
caused pores to form on the side faces. At a certain 
point of the reaction, the pores on each side face were 
able to coalesce into a single large hole, which led to 
the formation of a cubic nanoframe, a structure not 
previously achieved with AuCl4  alone. However, if 
this specific point was passed during the synthesis, 
the Au nanoframe broke into small pieces because 
the ridges became too thin and fragile. The Au 
nanoframes formed via this route were so sensitive 
to the reaction conditions that the reported yield 
never exceeded 5% 10%. In contrast, when AuCl2  
was employed as a precursor to Au instead of AuCl4 , 
nanoboxes with thicker walls could be generated due 
to the difference in stoichiometry: in the reaction with 
AuCl2  (Eq. (2)), one Au atom is formed for every Ag 
atom consumed, whereas in the reaction with AuCl4  
(Eq. (1)), three Ag atoms are removed per Au atom 
formed [20].  

Ag(s)+AuCl2 (aq)→AgCl(s)+Au(s)+Cl (aq)         (2) 
As this new reaction generated one Au atom for each 
Ag atom consumed, we postulated it might provide 
a method to improve the yields of nanoframes by 
increasing the thickness (and thus robustness) of the 
ridges that support the nanoframes. The present work 
confi rms this hypothesis: we were able to increase the 
yield of a typical synthesis to a level >90%.  

Previously, cubic nanoframes have been reported 
for Pd and Fe. In the case of Pd, nanocubes were 
synthesized by reducing Na2PdCl4 in ethylene glycol 
(EG), water, and poly(vinylpyrrolidone) (PVP) 
and then aged in an oxidizing environment that 
corroded the structures to form nanoframes [21]. 
The corrosion process required 4 h and the total 
time for the synthesis was 28 h.  In the case of Fe, 
nanoframes were synthesized from the thermal 
decomposition of a Fe(II)-stearate complex in the 
presence of sodium oleate and oleic acid [22]. 
This process required a reaction temperature up to 
380 ˚C and a reaction time of 3 h, and the mechanism 

has not yet been established due to its complexity. 
Here we report a facile (with a total reaction time 
<45 min) synthesis of cubic Au nanoframes as well 
as a mechanism. The galvanic replacement reaction 
between Ag nanocubes and AuCl2  produced hollow 
nanostructures having thicker walls, in comparison 
to AuCl4 , that were more robust and could sustain 
the dealloying process, thus allowing for the 
formation of Au nanoframes in high yields. We have 
also examined the different stages of the reaction by 
electron microscopy. Furthermore, we have explored 
the effect of the dimensional parameters of the Au 
nanoframes on their localized surface plasmon 
resonance (LSPR) properties and demonstrated the 
use of these nanoframes as a new class of substrates 
for surface-enhanced Raman scattering (SERS).  

The synthesis of Au nanoframes was based 
upon the galvanic replacement reaction between 
Ag nanocubes and AuCl2 . The Ag nanocubes 
with an average edge length of 52 nm ± 4 nm were 
synthesized by a sulfide-mediated polyol process 
as described in previous publications [23, 24]. The 
Ag nanocubes then served as a sacrificial template 
for the formation of Au nanoframes. Figure 1 
shows scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM, inset) 
images of samples obtained at different stages of 
the galvanic replacement reaction and Fig. 2 shows 
a schematic that summarizes this process. In the 
initial stage, Au was deposited on the surface of the 
Ag cube and a pinhole formed on one of the six side 
faces, allowing for the exchange of atoms during 
the pitting process (Fig. 1(a), and step (a) in Fig. 
2).  Shortly after, the pinhole closed, generating a 
partially hollow structure (Fig. 1(b), and step (b) in 
Fig. 2).  The interior of the nanostructure continued to 
hollow out as Ag atoms diffused to the surface of the 
structure and Au diffused into the structure, leading 
to the formation of a seamless Au nanobox with 
slightly truncated corners (Fig. 1(c), and step (c) in 
Fig. 2).  This shape reconstruction marked the start of 
dealloying, where the vacancies from the extraction 
of Ag atoms caused negative curvatures, resulting 
in an increase in interfacial area and surface energy 
for the solid walls [25]. This stress was relieved via 
an internal Ostwald ripening process and new {111} 
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facets were formed [26]. Since the relative surface 
energies of different facets are in the order of γ111 < 
γ100 < γ110 for a face-centered cubic (fcc) metal [27, 
28], a truncated box with a larger portion of {111} 
facets should be more stable than a box with sharp 
corners.  The formation of a truncated rather than a 
perfect cubic shape has also been observed in many 
other systems [29, 30].  Concurrent to the replacement 
reaction (i.e., Figs. 1(a) (c), and steps (a) (c) in Fig. 2), 
the rates of diffusion for Ag and Au were accelerated 
by the relatively high reaction temperature of 100 ˚C 
[31] and led to the subsequent formation of a Au Ag 
alloy that is more stable than pure Au or Ag alone [32]. 
When more AuCl2  was added, the removal of Ag 
and deposition of Au occurred at all sites, and pores 
appeared at the corners and side faces (Fig. 1(d), and 
step (d) in Fig. 2). As dealloying continued, the pores 
on the side faces enlarged while the pores at the 
corners reduced in size (Fig. 1(e), and step (e) in Fig. 
2), suggesting that the atoms migrated to the more 
stable {111} facet. Eventually, the pores at the corners 
were sealed while the pores on all the side faces 
were enlarged to the maximum size, resulting in the 
formation of a cubic nanoframe (Fig. 1(f), and step (f) 
in Fig. 2). This is the critical point for harvesting Au 
nanoframes with a yield approaching 100%. When 
more AuCl2  was added, the ridges became thinner as 
a result of dealloying of Ag atoms from the structure 
(Fig. 1(g), and step (g) in Fig. 2). At a certain point the 
ridges became too thin to support the open structure, 
such that the nanoframes fragmented and finally 
evolved into Au nanoparticles (Fig. 1(h), and step (h) 
in Fig. 2).

The SEM image in Fig. 3(a) shows Au nanoframes 
with an average edge length of 63 nm ± 4 nm 
and ridge thickness of 19 nm ± 2 nm that were 
synthesized under the same conditions as for Fig. 
1(f). The elemental composition of these nanoframes 
was determined to be 89% Au and 11% Ag by 
energy-dispersive X-ray spectroscopy (EDX). To 
better resolve the three-dimensional structure of the 
nanoframes, the sample was tilted by 45˚ as shown 
in Fig. 3(b). Figure 3(c) shows a TEM image of the 
nanoframes, from which one can easily resolve the 
hollow structures and determine the thickness of 
the ridges. Figure 3(d) shows a high-resolution TEM 

image of a corner of the nanoframe taken along 
the [001] zone axis. This image indicates that the 
atoms are arranged in a highly ordered lattice with 
a spacing of 2.04 Å, which can be indexed to the 
{200} planes of fcc Au. The fast Fourier transform 
(FFT) pattern revealed that the nanoframe is single 
crystalline in structure. The spots enclosed by the 
circle and squares can be indexed to the {220} and 
{200} refl ections, respectively.  

Figure 4(a) summarizes the UV vis spectra taken 

Figure 1   SEM and TEM (insets) images showing different stages of 
the galvanic replacement reaction where Ag nanocubes were titrated 
with different volumes of 0.2 mmol / L AuCl2  in 1 mL increments 
ranging from (a) 1 mL to (h) 8 mL. The scale bar below the images 
applies to all SEM images. The scale bar in the inset (a) represents 
100 nm and applies to all TEM images
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in water of the structures shown in Figs. 1(a) (f). As 
more AuCl2  was added, a significant red-shift was 
observed. The UV vis spectrum of the Au nanoframes 
obtained by addition of 6 mL of AuCl2  solution (Fig. 
4(a)) had an LSPR peak around 790 nm. The broadness 
of the peak may be ascribed to the variations in 
edge length, ridge thickness, and corner sharpness. 
Potential applications such as imaging, SERS, and 
chemical and biological sensing are dependent 
upon LSPR properties; it is, therefore, important to 
understand the relationship between such structural 
variations and LSPR properties in order to effectively 
tune the plasmon peak. It has been established for 
Au or Ag nanostructures of other shapes [5, 23, 33
37] that the LSPR property of a nanoframe depends 
on several factors including the edge length, ridge 
thickness, corner sharpness, elemental composition, 
laser orientation, and environment. To determine how 
these factors, specifi cally the size and shape, infl uence 
the LSPR peak, the scattering spectra of individual 
nanoframes were calculated in air using the discrete 
dipole approximation (DDA) method. After reviewing 
many spectra, we found a correlation between the 
peak position and the ratio (R) between the outer 
edge length (l) and the ridge thickness (t). Figure 4(b) 
shows the spectra calculated for nanoframes with an 
edge length of 57.0, 59.4, 61.7, 64.1, 66.5, and 68.9 nm, 
having a constant ridge thickness of 19 nm and a fi xed 
composition of 89% Au and 11% Ag. The nanoframes 
were assumed to have sharp corners as shown in the 
inset. As the value of R increased, the peak position 
was red-shifted while the peak intensity slightly 
increased. Figure 4(c) shows the DDA-calculated 
extinction, absorption and scattering spectra for the 
nanoframe with R=3.37, and geometry as shown in 
the inset.

To confi rm the theoretical calculations, nanoframes 
were deposited on indium tin oxide (ITO)-coated 
glass substrates and the scattering spectra of single 
nanoframes were collected in air using an inverted 
microscope with a transmitted dark-fi eld condenser 
as previously described [38 41]. The scattering 
spectra are plotted in Fig. 4(d) along with the SEM 
images of the corresponding nanoframes in the inset. 
We observed that the spectra were red-shifted as 
the R value increased, validating the trend found 

Figure 2   A schematic detailing the mechanism of the galvanic 
replacement reaction between Ag nanocubes and AuCl2 . The cross-
sectional view corresponds to the plane marked by dashed lines. The 
major steps of the reaction include the following: (a) formation of a 
pinhole at one of the side faces; (b) continuation of the replacement 
reaction resulting in a partially hollow structure; (c) development 
of a seamless nanobox with truncated corners; (d) generation of 
pores at the corners and side faces by a dealloying process; (e), (f) 
enlargement of pores at the side faces accompanied by shrinkage 
of pores at the corners via migration of atoms to the corners; (g) 
reduction of the ridge thickness; (h) fragmentation of the nanoframes

Figure 3   Electron microscopy characterization of the Au nanoframes 
prepared by the galvanic replacement reaction between 50 µL of Ag 
nanocubes and 6 mL of 0.2 mmol / L AuCl2 : (a) SEM image of the 
Au nanoframes and (b) the same sample tilted by 45˚; (c) TEM image 
of the Au nanoframe; (d) high-resolution TEM image of a corner of 
the Au nanoframe taken from the region as labeled in the inset. The 
scale bar in the inset represents 20 nm. The lattice spacing of 2.04 Å 
can be indexed as the {200} planes of Au. In the FFT pattern (inset), 
the spots enclosed by the circle and square can be indexed to the {220} 
and {200} refl ections, respectively
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by DDA calculations. This result is expected as a 
decrease in ridge thickness or increase in edge length 
will increase the charge separation, thus reducing the 
restoring force for electron oscillation and resulting 
in red-shifting for the resonance peak. As previously 
reported for hollow nanospheres, thinner shells 
have stronger coupling between charges inside and 
outside of the shell, causing greater charge separation 
and a further red-shift in peak position [34]. As for 
the calculated spectra, the peak intensity was higher 
for larger R values; this trend is also expected, as 
larger particles scatter more light.  

It is worth pointing out that the resonance peaks 

for the calculated spectra did not completely match 
the experimental spectra, which can be ascribed 
to the complexity of the structures. In the ideal 
situation, a nanoframe has uniform pore size, ridge 
thickness, and edge length in addition to sharp 
corners as seen in the inset of Fig. 4(b). From the 
electron microscopy images in Figs. 3 and 4(d), it is 
clear that within one nanoframe there are variations 
in these features which would result in some shifts 
of the resonance peak. Additionally, it has previously 
been shown that the substrate can shift the LSPR 
peak [37]. We expect to observe this substrate effect 
since the DDA calculations of the nanoframes were 

Figure 4   (a) UV vis spectra taken from aqueous suspensions of the structures in Figs. 1(a) (f), which were synthesized by 
titrating Ag nanocubes with 1 mL to 6 mL of 0.1 mmol / L AuCl2 . (b) DDA-calculated scattering spectra for nanoframes with 
an edge length of 57.0, 59.4, 61.8, 64.1, 66.5, and 68.9 nm, having a constant ridge thickness of 19 nm, together with a 
fi xed composition of 89% Au and 11% Ag. The inset shows a drawing of the nanoframe used in these calculations, which 
has both sharp corners and edges. The red-shifts of the plasmon resonance peak increase with increasing ratio (R) between 
the outer edge length (l) and the ridge thickness (t). (c)  DDA-calculated extinction, scattering, and absorption spectra for 
a nanoframe with R=3.37. (d) Scattering spectra of individual Au nanoframes and the SEM images of the corresponding 
nanoframes. For DDA calculations in (b) and (c), the nanoframes were fi lled and surrounded by air
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performed for particles in air and the experimental 
spectra were collected for particles on an ITO-coated 
glass substrate in air. 

The Au nanoframes can also serve as substrates 
for SERS-based detection. Due to their tunable 
LSPR peaks which can extend into the near-
infrared region they are ideal candidates for 
detection of molecules in vivo, as the light source 
in this region can penetrate deeply into soft tissue. 
As a demonstration of their SERS application, 
the Au nanoframes were functionalized with 
4-methylbenzenethiol (4-MBT, a common probe 
molecule for SERS) and their SERS spectrum 
was recorded in a solution phase setup. Figure 5 
shows the SERS spectrum for the Au nanoframes 
functionalized with 4-MBT (spectrum A) along with 
the ordinary Raman spectrum of 4-MBT (spectrum 
B), both obtained with excitation at 785 nm. As 
illustrated in Fig. 5, utilization of the Au nanoframes 
led to a significant enhancement in the intensity 
of the 4-MBT signals compared to the spectrum of 
neat 4-MBT, indicating that they are good substrates 
for SERS. However, an accurate estimation of the 
enhancement factor is limited by the complex 
morphology of the Au nanoframes, which makes 
it difficult to precisely determine their surface area 
and, consequently, the number of 4-MBT molecules 
contributing to the detected SERS signals. 

I n  c o n c l u s i o n ,  w e  h a v e  s y n t h e s i z e d  A u 

nanoframes with a yield >90% through the facile 
galvanic replacement reaction between Ag nanocubes 
and AuCl2 . We have also examined the evolution 
pathway from Ag nanocubes to Au nanoframes by 
conducting a detailed mechanistic study with the 
addition of different volumes of AuCl2  solution. 
We have characterized the effect of the dimensional 
parameters of the Au nanoframes on the positions of 
their LSPR peak. Due to their highly open structure, 
the nanoframes are potentially useful for SERS 
detection of analytes such as viruses and bacteria 
with relatively large dimensions.

Experimental

Synthesis of Ag nanocubes: The Ag nanocubes were 
prepared using the sulfide-mediated polyol process 
as described in previous publications [23, 24]. In a 
typical synthesis, 6 mL EG (J. T. Baker, 9300-03) was 
preheated to 155 ˚C for 1 h under magnetic stirring.  
EG solutions containing 3 mmol/L Na2S (Aldrich, 
208043), 0.18 mol/L PVP (as calculated in terms of 
the repeating unit, Mw~55 000, Aldrich, 856568), and 
0.28 mol/L AgNO3 (Aldrich, 209139) were prepared.  
80 μL of the Na2S solution was injected into the hot 
EG, followed by 1.5 mL of the PVP solution and 
then 0.5 mL of the AgNO3 solution. The reaction 
underwent color changes from yellow to reddish 
brown to opaque green-gray with plating on the vial 
walls. The reaction was completed within 20 min. 
The reaction solution was diluted with acetone, 
and the product was isolated by centrifugation. The 
product was washed twice with deionized water and 
then collected by centrifugation at 13 000 rpm for 5 
min and redispersed by brief sonication in 4 mL of 
deionized water.

Synthesis of Au nanoframes:  The Au nanoframes 
were prepared using the galvanic replacement 
reaction between the Ag nanocubes and AuCl2 . In a
typical synthesis, 50 μL of ~3.5 nmol/L Ag nanocubes 
was dispersed in 5 mL of deionized water containing 
5 mg  PVP in a 50-mL fl ask under magnetic stirring 
and then heated to boiling for 10 min. In the 
meantime, a solution of 0.2 mmol/L AuCl (Aldrich, 
481130) in saturated aqueous NaCl  was prepared. 
AuCl was washed three times with chloroform to 

Figure 5   (a) SERS spectrum of Au nanoframes whose surface had 
been derivatized with 4-MBT; (b) The ordinary Raman spectrum of 
4-MBT (0.1 mol / L in 12 mol / L aqueous NaOH) taken for reference. 
The measurements were performed in a solution phase with an 
excitation wavelength of 785 nm



447Nano Res (2008) 1: 441 449

remove Au(III) and thoroughly dried in vacuum 
prior to usage. A specifi c amount (as indicated in the 
text) of the resulting NaCl-saturated AuCl2  solution 
was added to the fl ask via a syringe pump (Stoelting, 
KDS-200) at a rate of 45 mL/h under magnetic 
stirring. The solution was heated for another 10 min 
until the color of the mixture was stable. Once cooled 
to room temperature, the sample was washed with 
saturated NaCl solution to remove AgCl and then 
with water several times to remove PVP and NaCl. 
The product was then collected by centrifugation at 
10 000 rpm and redispersed in water. The product 
was subsequently imaged by SEM and TEM.

Electron microscopy characterization: SEM or 
TEM samples were prepared by placing a drop of 
the fi nal product on a silicon wafer or carbon-coated 
copper grid, respectively, and drying under ambient 
conditions. SEM images and EDX data were taken 
using a Sirion XL fi eld-emission microscope operated 
at an acceleration voltage of 10 kV. TEM imaging 
was performed using a Phillips CM100 microscope 
operated at 100 kV. The UV vis spectra were obtained 
using a Varian Cary 50 UV vis spectrophotometer.

Substrate preparation for optical characterization: 
ITO-coated glass substrates (Thin Film Devices Inc.) 
were cleaned by sonication in acetone and then 
isopropanol for 30 min in each solvent and then 
dried under a nitrogen stream.  The substrates 
were then plasma cleaned (Harrick Plasma, PDC-
32G) for 3 min with an applied power of 18 W before 
immersing in a solution of 1 mmol/L 3-mercapto 
propyltrimethoxysilane in ethanol for 4 h. The 
substrates were then rinsed with ethanol and cured at 
90 °C under nitrogen for another 4 h, and thereafter 
stored at room temperature. Before deposition, the 
stock solution of Au nanoframes was sonicated for 30 
s. The nanoframes were diluted 20X with water. The 
Au nanoframes were allowed to bind onto the surface 
for approximately 2 min, giving a final particle 
density of ~10 particles per 100 μm2. After depositing, 
the excess particles were extensively rinsed off the 
surface, and the substrate was soaked in water for 
20 min to remove excess PVP, rinsed in water, and 
fi nally dried by a nitrogen stream. Scattering spectra 
were taken with an inverted microscope (Nikon, 
TE2000) with a transmitted dark-fi eld condenser and 

75X effective magnification as previously described 
[38 40]. After optical measurements, the same Au 
nanoframes were identifi ed and imaged under SEM 
with the assistance of registration marks [35, 36, 40, 
41].  This allows us to correlate the optical spectra to 
the structural and dimensional information obtained 
from SEM imaging.

Surface-enhanced Raman scattering measure-
ments: SERS spectra were obtained from aqueous 
s o l u t i o n s  u s i n g  a  R e n i s h a w  i n  v i a  R a m a n 
spectrometer coupled to a Leica DMIRB inverted 
optical microscope. A diode laser with an excitation 
wavelength 785 nm was used at a power of 4.5 mW. 
The backscattered Raman signals were collected on 
a charge-coupled device detector thermoelectrically 
cooled to 60 ˚C. Sample cells were constructed by 
trimming the bottoms of plastic micro-centrifuge 
tubes and affixing the top portions to glass cover 
slips of thickness between 0.13 and 0.17 mm. 
Solutions for SERS measurements were prepared by 
dispersing the Au nanoframes in 1.5 mL of 5 mmol/L 
ethanolic solution of 4-MBT for 3 h prior to the SERS 
measurements, followed by successive rounds of 
centrifugation and washing with ethanol to remove 
excess 4-MBT. The sample was dried under ambient 
conditions to remove ethanol and then redispersed 
in 100 μL of water. The ordinary Raman spectrum 
of 4-MBT was obtained from a 0.1 mol/L solution in 
12 mol/L aqueous NaOH. To ensure that the focal 
volume was held constant, a motorized Z-stage 
with an accuracy of 0.1 μm was used to control the 
focal depth. This was done by focusing the interface 
between the glass and the solution, and then using 
the motorized stage to adjust the focal plane 50 μm 
into the solution. Scattering spectra were recorded 
from 800 to 2000 cm 1 by using a grating with 1200 
lines per millimeter, a spot size of approximately 1.6 
μm, and 30 s accumulation time.  
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