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A new route for the synthesis of polyhedral gold mesocages and shape

effect in single-particle surface-enhanced Raman spectroscopyw
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We have demonstrated a new strategy to synthesize Au mesocages

using polyhedral Cu2O templates. The obtained polyhedral Au

mesocages show a strong shape effect in highly sensitive single-

particle surface-enhanced Raman spectroscopy (sp-SERS).

SERS-based signal detection and molecular identification is a

powerful chemical sensing method with numerous potential

applications in biomedicine, life science, analytical chemistry,

etc.1 ‘‘Hot spots’’ where a local Raman enhancement is as high

as B1010 or more have been observed for a number of

substrates and nanoparticle aggregates by using Raman

microscopy techniques.1b However, the lack of reproducibility

and reliability with high sensitivity still hampers practical

applications of SERS molecule detection.

For some applications, just one micro- or nanoparticle can be

envisaged as a sp-SERS sensor combining a high sensitivity with

a high spatial resolution, for example, recent reports about

novel gold and silver mesoscale particles or mesostructures.2

These particles demonstrate a highly roughened surface with

irregular nanoscale protrusions and crevices. Such surface

topography makes these nanoparticles very attractive for many

plasmonic-based applications, including sp-SERS sensors.

Noble metal nanocages represent a class of nanostructures

with high specific surface areas, low densities, hollow interiors

and porous walls. They display particular surface plasmon

resonance (SPR) properties (manifested, e.g., in a red shift of

the extinction resonances relative to colloids of ‘‘solid’’ Au

nanoparticles). Previous studies have indicated that gold

nanocages and nanoshells can also exhibit a very high SERS

enhancement depending on their size, shape, surface roughness,

and the geometry of the shell and core (or interior cavity).3 Up to

now, gold nanocages have been intensively synthesized by Xia

and by several other groups using silver cubes or Co nanospheres

as sacrificial templates via the galvanic replacement method.4

However, with these templates, it was difficult to synthesize more

diverse hollow noble metal nanostructures. For example, due to

non-sophisticated templates up to now, the reports of more

active metal or alloy nanocages, e.g., silver nanocages, were quite

few, particularly for the polyhedral nanocages owing to no

polyhedral templates being available.

Here, we report a new strategy to synthesize polyhedral Au

hollow mesostructures using Cu2O as templates. We investi-

gate the shape effect-dependent SERS activity of the product

obtained by the current template route. The produced poly-

hedral gold mesocages possess unique structural features

such as highly roughened surface topography and exhibit a

remarkably high SERS activity, making them very appealing

as sp-SERS sensors. Importantly, polyhedral gold mesocages

consist of a great number of nanoparticle building units here-

into include an abundant amount of effective hot spots in the

vicinity of the corrugated and creviced regions between these

nanoparticles. This highly repeatable intraparticle structure

(intraparticle interaction) results in a highly repeatable and

reproducible SERS signal. One of the advantages is that a

variety of shapes of Cu2O templates have been reported so

far,5 which can be easily accessed and applied in the replace-

ment reaction protocol. Additionally, the current synthetic

protocol would be also employed to obtain various compo-

nents such as, Ag, Au, Pt, Pd and their alloys.

The replacement reaction of our synthetic protocol was

described in ESIw and schematically shown in Fig. S1 (ESIw).
Fig. 1a and c–e present typical SEM and TEM images of the

cubic Cu2O synthesized by reducing a copper sulfate solution

with glucose in the presence of PVP. The sizes of the cubes

typically range within a narrow size distribution from 500 to

600 nm (Fig. 1c). The TEM image (Fig. 1d) and the corre-

sponding SAED pattern (Fig. 1e) reveal that they are single

crystals. By the reaction of these Cu2O polyhedrons with

HAuCl4 aqueous solution, gold mesocages with uniform

morphology similar to that of the Cu2O template are obtained.

The gold cubes (Fig. 1b) show a very rough surface with small

nanoparticles aggregated. The TEM image of the gold cubic

nanocages (Fig. 1f) demonstrates a clear hollow interior and

thin walls. A strong contrast difference between the edges

(dark) and center (bright) in Fig. 1f implies that the cubic

nanocages have a wall thickness of around tens of nanometres.

The SAED patterns recorded from single gold cubic nano-

cages (Fig. 1g) reveal the typical polycrystalline nature of the

obtained cubic gold nanocages.
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Similar to the formation of cubic Cu2O nanostructures, by

adjusting the PVP concentrations in the reaction solution,

octahedral and spherical Cu2O templates have also been

produced as shown in Fig. 2a and d. The sizes of the Cu2O

octahedrons and spheres typically are around 600 nm and

800 nm, respectively. The insets of Fig. 2a and d clearly display

the morphology of the Cu2O octahedrons and spheres. By the

reaction of these Cu2O polyhedrons with HAuCl4 solution,

octahedral and spherical gold nanocages have also been

synthesized with the main edge lengths of 600–700 nm for the

former and 800–900 nm for the latter. The insets of Fig. 2b and e

show the morphology of the incomplete hollow gold nanocages.

The corresponding TEM images (Fig. 2c) clearly display a

hollow interior and a rough surface. The SAED patterns

recorded from single gold octahedron reveal the typical poly-

crystalline nature of the obtained polyhedral gold nanocages.

In order to extend the possibility of Cu2O templates in

synthesizing hollow nanostructures for various metals or alloy

systems, we also prepare Ag and PtAu nanocages, using

polyhedral Cu2O templates. Fig. S2 and S3 (ESIw) show the

typical morphologies for cubic Ag nanocages and octahedral

PtAu nanocages by means of the similar reduction processes as

gold polyhedral nanocages. The EDX spectra in Fig. S2 and

S3 (ESIw) indicate that a few amount of residual Cu can be

observed. It is noted that Cu2O templates demonstrate a very

robust capacity of synthesizing nanostructures for a variety of

materials, e.g., the quite few reported Ag nanocages. Such

nanostructures may find important applications in various

areas of catalysis, biology, optics, etc.

The investigation of the polyhedral gold mesocages with

regard to their sp-SERS activity was performed by using

crystal violet (CV) dye. Two types of the Raman experiments

were performed. By the first one, SERS signal distributions

across individual nanocages were characterized (mapped) with

a high spatial resolution of B0.4 mm (100�, NA = 0.9) and

the confocal mode of the microscope. Fig. 3 (left column)

shows typical sp-SERS images of polyhedral gold mesocages

as well as a gold nanoparticle of a similar size (B400 nm)

synthesized for comparison (see Fig. S4, ESIw). The color code
in Fig. 3 represents the intensity of a strong Raman band of

CV at 1172 cm�1 integrated over 1120–1250 cm�1. From

comparison of the maximal signals observed (numbers on

top of the color-code scale bars), the SERS activity was found

to increase in a series: gold nanoparticleo spherical nanocage{
cubic nanocage o octahedral nanocage. Moreover, the SERS

images were found to be quite uniform over their entire surface

as illustrated in Fig. 3c and d, implying multiple, similarly

active ‘‘hot spots’’ homogeneously distributed over the cubic

and octahedral nanocages—an advantageous feature for

the spSERS sensor.

By the second type of Raman measurements, the SERS

spectra ‘‘averaged’’ over individual particles were acquired. A

particle was visually centered within the laser excitation/

emission collection spot ofB3 mm (20�). Fig. 3 (right column)

shows spSERS spectra obtained in this way for individual gold

nanoparticles and nanocages. The spectra demonstrate three

strong peaks at 1172, 1371 and 1619 cm�1 and are well

consistent with the normal Raman spectrum of CV.

Fig. 1 SEM and TEM images of cubic Cu2O and gold mesocages.

(a) and (c) SEM images of Cu2O cubes. (d) and (e) TEM image and

SAED pattern of Cu2O cubes recorded from the cycle area in Fig. 2d.

(b) SEM image of Au cubic mesocages. (f) and (g) TEM images of Au

cubic mesocages and the SAED pattern obtained from a whole Au

cubic mesocage.

Fig. 2 (a) SEM image of Cu2O octahedrons, inset showing the

magnified image. (b) and (c) SEM and TEM images of Au octahedral

mesocages. Insets show the magnified images and the SAED pattern

obtained from single Au mesooctahedron. (d) SEM image of Cu2O

spheres, inset showing the magnified sphere. (e) SEM images of

spherical Au mesocages. Inset shows the magnified broken Au

mesosphere.
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Similar to the mapping results, the highest SERS signals were

observed for the octahedral gold nanocages, up to B103 higher

than the signals from the gold nanoparticles. The SERS

activity of the cubic nanocages was by a factor 4 lower as

compared to the octahedral cages. Previous experiments and

calculations suggest that the optimal SERS excitation wave-

length for particles with a rough surface would lie in the

red–near-infrared spectral region.6 These may be further

supported by UV-vis-NIR spectra which are shown in Fig. S5

(ESIw). As the shape of the gold polyhedral mesocages changing

to more tips or corners, the localized surface plasmon bands

appear in the red and infrared regions of the extinction

spectrum. Importantly, the SERS signals from the cubic and

octahedral cages were found to be remarkably reproducible

within �10% from one particle to another (more than 10

particles of each morphology were measured). We attribute

the high SERS activity of the cubic and octahedral gold

nanocages to their anisotropic architecture (‘‘corner effect’’)

and roughened surface.
7 In this regard, our observations are

similar to a recent report on polyhedral silver nanoparticles,

where the silver octahedron also manifested the highest SERS

effect as compared with the silver cube and cuboctahedra.8

A SERS enhancement factor (EF) is a quantitative measure

of the Raman signal amplification for a specific analyte.

Following the procedure reported by Wang et al.2a,9 and

employing the CV peak at 1172 cm�1, we estimated the EF

of the polyhedral gold nanocages as about 2 � 107 and 5 � 106

for the octahedral and cubic gold nanocages, respectively

(see details in ESIw). Taking into account the roughened

surface of the nanocages, the above nanocage area may be

underestimated and the EFs, consequently, overestimated. On

the other hand, rinsing the substrates after CV deposition with

water (see Experimental) can remove a significant fraction of

CV molecules (assuming 1%–10% residual in ref. 9) and thus

the EFs may be underestimated.

In conclusion, a new synthetic protocol using Cu2O as

sacrificial templates to form noble metal and alloy-polyhedral

mesocages has been described. This strategy will open a new

way to prepare hollow nanostructures for various metals and

alloys. We found that the polyhedral gold mesocages, due to

the highly roughened surface topography and anisotropic

architecture, demonstrate a remarkably strong sp-SERS

activity, i.e., B107–108 magnitude, for single mesoparticle.

The SERS activity would be further improved by the aggregation

or close-packed arrays of the resultant octahedral or cubic

mesocages because of interparticle interactions generating

additional ‘‘hot spots’’.2 Importantly, the intraparticle inter-

action between the nanoparticle building units within the

single mesoparticle creates multiple homogenously-distributed

effective hot spots, herein, increases the reproducibility and

reliability for the sp-SERS.
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Fig. 3 Single-particle SERS spectra and images of crystal violet (CV) on

a gold nanoparticle (a) and gold nanocages with (b) spherical, (c) cubic,

and (d) octahedral shapes. The spectra were acquired from individual

nanostructures on Si substrates under the same conditions (20 s

integration time and 0.1 mW excitation power at 633 nm excitation).

The insets show typical SEM images of the corresponding particles.
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