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O rdered porous metal nanomaterials have current and future potential applications, for example, as catalysts, as photonic
aystals, as sensors, as porous electrodes, as substrates for surface-enhanced Raman scattering (SERS), in separation tech-
nology, and in other emerging nanotechnologies. Methods for creating such materials are commonly characterized as “templat-
ing”, a technique that involves first the creation of a sacrificial template with a specific porous structure, followed by the filling of
these pores with desired metal materials and finally the removal of the starting template, leaving behind a metal replica of the
original template. From the viewpoint of practical applications, ordered metal nanostructures with hierarchical porosity, namely,
macropores in combination with micropores or mesopores, are of particular interest because macropores allow large guest mol-
ecules to access and an efficient mass transport through the porous structures is enabled while the micropores or mesopores
enhance the selectivity and the surface area of the metal nanostructures. For this objective, colloidal crystals (or artificial opals)
consisting of three-dimensional (3D) long-range ordered arrays of silica or polymer microspheres are ideal starting templates. How-
ever, with respect to the colloidal crystal templating strategies for production of ordered porous metal nanostructures, there are
two challenging questions for materials scientists: (1) how to uniformly and controllably fill the interstitial space of the colloidal
aystal templates and (2) how to generate ordered composite metal nanostructures with hierarchical porosity. This Account reports
on recent work in the development and applications of ordered macroporous bimetallic nanostructures in our laboratories. A series
of strategies have been explored to address the challenges in colloidal crystal template techniques. By rationally tailoring exper-
imental parameters, we could readily and selectively design different types of ordered bimetallic nanostructures with hierarchical
porosity by using a general template technique. The applications of the resulting nanostructures in catalysis and as substrates for
SERS are described. Taking the ordered porous Au/Pt nanostructures as examples for applications as catalysts, the experimental
results show that both the ordered hollow Au/Pt nanostructure and the ordered macroporous Au/Pt nanostructure exhibit high
catalytic ability due to their special structural characteristics, and their catalytic activity is component-dependent. As for SERS appli-
cations, primary experimental results show that these ordered macroporous Au/Ag nanostructured films are highly desirable for
detection of DNA bases by the SERS technique in terms of a high Raman intensity enhancement, good stability, and reproduc-
ibility, suggesting that these nanostructures may find applications in the rapid detection of DNA and DNA fragments.
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Introduction

The design of ordered porous metal materials has developed
into an increasingly important research area in recent years as
driven by their widespread applications for example, as cata-
lysts, as photonic crystals, as sensors, as electro-optical
devices, as fuel cells, in separation technology, as porous elec-
trodes, and as substrates for surface-enhanced Raman scat-
tering (SERS).'™® In nearly every case, success strongly
depends on the availability of porous metal materials with
specific pore sizes, compositions, and structure. In general,
porous metal materials can be classified into three distinct cat-
egories according to their pore size: microporous (pore size
<2 nm), mesoporous (2 nm < pore size < 50 nm), and
macroporous (pore size >50 nm) systems.* From the view-
point of practical applications, ordered metal nanostructures
with hierarchical porosity, namely, macropores in combina-
tion with micropores or mesopores, are of particular interest
because macropores allow large guest molecules to access
and an efficient mass transport through the porous structures
is enabled while the micropores or mesopores enhance the
selectivity and the surface area of the metal nanostructures.
Especially, if such structures are extended to bimetallic nano-
materials, this is of importance since the properties of one
metal may be altered and improved by the addition of
another.

Methods for the fabrication of ordered porous metal nano-
structures are commonly characterized as “templating”. Herein,
the term templating refers to a technique that involves first the
creation of a sacrificial template with a specific porous struc-
ture, followed by the filling of these pores with desired metal
materials and finally the removal of the starting template,
leaving behind a metal replica of the original template (Fig-
ure 1). The architecture and the pore size of the resulting
porous metal materials thus rely directly on those of the start-
ing template. There are several properties of colloidal crys-
tals (or artificial opals) that make them particularly attractive
for use as starting templates: (1) colloidal crystals themselves
are two-dimensional (2D) or three-dimensional (3D) long-
range ordered arrays of silica or polymer microspheres, and
therefore they can produce well-defined metal replicas that
preserve their key feature of long-range periodic structure; (2)
the pore size of the resulting metal replicas can be easily
tuned by varying the diameter of the building blocks such as
silica or polymer microspheres, enabling the design of ordered
metal nanostructures with adjustable pore size; (3) the termi-
nal groups on the surface of the silica and polymer micro-
spheres can be tailored to facilitate uniform metal deposition
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in the interstitial space of colloidal crystal templates. As will be
discussed below, these three attributes play a pivotal role in
generating highly ordered bimetallic nanostructures with hier-
archical porosity.

With respect to the colloidal crystal templating strate-
gies for production of ordered porous metal nanostructures,
there are two challenging questions for materials scientists:
(1) how to uniformly and controllably fill the interstitial
space of the colloidal crystal templates and (2) how to gen-
erate ordered composite metal nanostructures with hierar-
chical porosity. Several attempts have recently been
reported to successfully perform uniform deposition of
metal into the interstitial spaces of colloidal crystal tem-
plates, including metal nanoparticle infusion,®> metal infil-
tration,® electroless deposition,7 convective assembly of
metal nanoparticles,® electrochemical deposition,® and
metal salt precipitation with subsequent hydrogen reduc-
tion."® In particular, the latter two methods can be extended
to generate ordered bimetallic macroporous materials.
Nonetheless, these approaches provide little control over
the deposition procedure and thus invariably lead to a
nearly complete infiltration of the interstitial space of the
colloidal crystal templates.

Recent work on metal nanoshells by Halas et al. and our
groups may provide important insights into solving these
problems.'"'? The methods typically begin with the grafting
of an appropriate reagent onto silica spheres through cova-
lent bonding, followed by the mixing with much smaller gold
nanoparticles, producing a gold nanoparticle film on the sur-
face of the silica spheres. These gold-coated silica spheres are
then used for further gold (or other metal, see below) growth.
During this process, the small gold nanoparticles on the sur-
face of silica spheres serve as catalysts for electroless metal
deposition, enabling a complete coverage of the silica spheres
with metal. This strategy is promising for achieving uniform
and controllable metal deposition into the voids of the colloi-
dal crystal templates, because the electroless metal deposi-
tion can be controlled to occur only on the surface of the silica
spheres due to the presence of the small gold nanoparticles.
However, as opposed to isolated silica spheres, the colloidal
crystals are ordered arrays of silica spheres where the inter-
stitial areas are curved, narrow, and not readily accessible,
which makes uniform and controllable metal deposition into
them even more challenging.

In this Account, we present our recent efforts involving a
general colloidal crystal template technique for the selective
fabrication of bimetallic nanostructures with hierarchical poros-
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Sacrificial Template
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Schematic illustration of the templating technique to the ordered porous metal nanostructures: (a) metal filling; (b) template removal.
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FIGURE 2. Schematic diagram of the synthetic procedure for ordered bimetallic nanostructures with hierarchical porosity.

ity. First applications of such structures in SERS and in cataly-
sis are also demonstrated.

Making Bimetallic Nanostructures with
Hierarchical Porosity

An overview of our preparative strategy is schematically
shown in Figure 2 and will be outlined in detail in this
paragraph.

1. Modification and Assembly of Monodisperse Silica
Microspheres. Silica is one of the most commonly used
materials to fabricate colloidal crystals because it is possible
to synthesize highly monodisperse spherical particles of this
material with size variations of below 5% and diameters con-
trollable in the range from tens of nanometers to several
micrometers. Importantly, the surfaces of the silica spheres are
usually terminated with silanol groups (—Si—OH), enabling
covalent grafting of versatile functional groups such as —NH,,
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—SH, —COOH, —NCO and —CHO onto their surface for differ-
ent purposes. Alternatively, these functional groups can be
introduced into the surface layer of polymer spheres such as
poly(methyl methacrylate) (PMMA) and polystyrene (PS) by
adding the appropriate component to the monomer solution
before polymerization. The silica microspheres described
below are produced using an improved Stdber growing pro-
cedure.'3 At the end of the synthesis, the particles are modi-
fied with 3-aminopropyltrimethoxysilane (APTMS) molecules.
After careful washing, the resulting APTMS-modified silica
microspheres are dispersed in anhydrous ethanol. Slow evap-
oration of the solvent generates high-quality colloidal crystal
films on a vertically held substrate. The size distribution of the
silica microspheres is the key parameter in yielding 3D long-
range ordering while interactions between the microspheres
and the substrate also play an additional role in this ordering.



2. Incorporation of Metal Nanoparticles. To ensure a
controllable and uniform deposition of metal in the intersti-
tial space of the colloidal crystal, it is important to first attach
small metal nanoparticles onto the surface of the APTMS-mod-
ified silica microspheres within the preformed colloidal crys-
tal. This step can be easily performed by immersing the
colloidal crystal template into an aqueous solution of small
gold nanoparticles. In this procedure, 3-nm citrate-stabilized
gold nanoparticles are chosen instead of others mainly based
on the following considerations: First, they can be easily and
reliably prepared in this size range, and they are desirable for
further metal plating. Second, no further heating is required to
remove organics from the gold surface, which is of great
importance for the successful fabrication of the ordered hol-
low nanostructured films.

Scanning electron microscopy (SEM) images clearly show
that after the incorporation of the small gold nanoparticles the
colloidal crystal film still retains its original hexagonal pack-
ing, and 3D ordered arrays of APTMS-modified silica micro-
spheres are revealed from the cleaved edge of the colloidal
crystal film (Figure 3a). Higher magnification SEM images
demonstrate a substantial coverage with gold nanopatrticles on
the surface of the silica microspheres. These small gold nano-
particles are well separated from each other on the surface,
and no obvious particle aggregation is observed (Figure 3b).
The prevention of nanoparticle aggregation within the 3D
ordered colloidal crystal (3DOCC) film can be ascribed to the
unique structural properties of the 3DOCC film in which the
largest voids for the infiltration of small gold nanoparticles are
about 45% of the size of the APTMS-modified silica micro-
spheres and by this being much larger than the gold nano-
particles.'* From higher magnification SEM images, the
coverage of the silica spheres with gold nanoparticles is esti-
mated to be approximately 27%, which is consistent with the
previously reported coverage of gold nanoparticles on pla-
nar amine-modified surfaces of solid substrates.'> The qual-
ity of the gold-coated 3DOCC film sensitively depends on the
kind of functional molecules employed and the size and con-
centration of the gold nanoparticles. When OH-terminated sil-
ica microspheres were used as building blocks for the
fabrication of gold-coated 3DOCC films nanoparticle aggrega-
tion was clearly observed in the interstitial space of the
3DOCC film and on the surface of the silica microspheres,
which is undesirable for further metal plating. As discussed
below, a high concentration of gold nanoparticles leads to the
formation of mesoporous structures consisting of intercon-
nected nanoparticles in the interstitial space of the 3DOCC film
besides the gold nanoparticle film on the surface of the silica
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(b)

FIGURE 3. (a) SEM image of a 3D gold-coated silica colloidal crystal
film and (b) a corresponding high-magnification image.

microspheres. Our initial attempts to organize 12-nm gold
nanoparticles into a 3DOCC films was less successful most
probably because these particles are too large to infiltrate
them completely into the whole interstitial space of the
3DOCC film and electrostatic repulsive forces exist between
the larger particles, which leads to lower coverage with gold
nanoparticles being disadvantageous for further metal plat-
ing.'®

In addition to the gold nanoparticles, many other metal
nanoparticles including silver and palladium can be introduced
into the 3DOCC films for designing different kinds of bimetal-
lic nanostructures. The approach for incorporating small sil-
ver nanopatrticles is similar to that used for gold nanoparticles:
3-mercaptopropyltrimethoxysilane (MPTMS)-modified silica
microspheres are used as building blocks for the assembly of
the 3DOCC template. Subsequent immersion into an aque-
ous solution of 4-nm citrate-stabilized silver nanoparticles
results in the successful incorporation of silver nanopatrticles
in the 3DOCC film. Nevertheless, it should be mentioned that
there is a disadvantage for use of silver nanoparticles for fur-
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ther metal deposition. Upon exposure to metal anions such as
Aucl,~, PtClg>~, or PdCI,2~, a part of the silver nanoparticles
oxidize to Ag" cations and metal anions are reduced to yield
zero-valent metal nanoparticles. Due to the presence of CI™
jons in the growing solution, Ag* cations may further react
with them to produce AgCl precipitates. As for the incorpora-
tion of small palladium nanoparticles, it is not necessary to
first modify the surface of the silica microspheres with other
functional groups. We directly immerse the 3DOCC film into
the aqueous solution of the PVP-stabilized palladium nano-
particles, yielding palladium nanoparticle-coated 3DOCC films.
To prepare different kinds of nanostructures, different immer-
sion times and different concentrations of the aqueous metal
nanoparticles are required.

3. Metal Plating and Removal of the Template. The
colloidal crystal template loaded with the small metal nano-
particles is dipped into a metal plating solution for further
metal deposition. During the plating process, the small metal
nanoparticles can serve as seeds to accelerate the reduction
of metal ions.'” For many metals, their plating solutions are
commercially available. The detailed plating procedures that
are often used in our work for gold, silver, platinum, palla-
dium, and copper can be found in refs 18—22, respectively.

The metal plating procedures are of utmost importance for
producing high-quality ordered porous metal nanostructures
as desired, since they determine the quality and the struc-
ture of the resulting materials and hence their properties. For
example, when the mirror reaction solution rather than the
just-described silver plating solution is used to deposit silver
metal, the interstitial space of the gold-coated 3DOCC film is
unevenly filled and thus upon removing the template poor-
quality macroporous Ag/Ag nanostructures are obtained. The
choice of the metal plating procedures to be employed is
determined by several factors including their reactions in the
presence of the 3DOCC films loaded with small metal nano-
particles, the desired size of the particles used as “building
blocks” in the resultant materials, and the ability to remove the
template without destruction.

Temperature is another important factor that determines
the quality of the resulting metal materials. For instance, low
temperature is advantageous for uniform and controllable
deposition of Pt and Pd metals in the interstitial space of the
3DOCC films because low temperatures make a slow reduc-
tion reaction process possible, evidenced by a slow color
change of the 3DOCC film loaded with small metal
nanoparticles.

Removing the silica template with dilute HF solution yields
self-supporting flakes with brightly colored reflections. They
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can be transferred onto desired substrates with little damage.
Since the silica template is removed at room temperature,
shrinkage of the pores is avoided. By carefully combining the
above-mentioned parameters, the colloidal crystal template
technique can be used to selectively produce different types
of ordered bimetal nanostrucutures with hierarchical po-
rosity.?°

4. Resulting Structures. Ordered macroporous structures
are the most typical examples that are prepared by the col-
loidal crystal template technique. A SEM top view of the
macroporous structure formed via our strategy is demon-
strated in Figure 4a. The resultant material exhibits relatively
uniform porosity with hexagonal close packing, and the size
of these pores match that of the starting silica microspheres,
indicating that negligible shrinkage of the metallic structure
occurs. Furthermore, it is noted that there are three dark
regions inside each pore corresponding to the air spheres of
the underlying layer, revealing that these spheres are indeed
close-packed. The small nanoparticles around the large pores
in the original interstitial space, yielding a mesoporous struc-
ture, can be clearly observed in corresponding higher magni-
fication images (see inset).

Ordered hollow metallic nanostructures are another kind of
important porous material. We found that if we properly tai-
lor the experimental conditions, the method presented above
is also applicable for the production of such materials.2°
Strictly speaking, the ordered hollow metal nanostructures dis-
cussed herein also belong to the macroporous structure
according to their pore size. Nevertheless, these materials
exhibit their unique structural characteristics that differ strongly
from the ordered macroporous metal nanostructures men-
tioned above, and thus we list them as a separate type. Com-
pared with the ordered macroporous metal nanostructures, the
ordered hollow metal nanostructures have been less exten-
sively studied, probably because of the difficult preparation.
SEM investigations show that after removal of the colloidal
crystal template, both the long-range ordering and the spher-
ical shape are well preserved from the starting template (Fig-
ure 4b,q). Because the original template can be produced from
silica microspheres with different sizes, the resulting nano-
structures exhibit a tunable hollow volume. The hollow struc-
ture character of these materials is evidenced by inspection of
the broken spheres seen in Figure 4b,c. A closer look reveals
another interesting feature, namely, the existence of a hole
with an average diameter of about 20 nm in almost every hol-
low sphere. These holes are arranged in order and the dis-
tances between neighboring holes equals roughly the center-
to-center distances of the hollow metallic spheres. Higher



FIGURE 4. (a) SEM image of an ordered macroporous Au/Pt
nanostructure and SEM images of ordered hollow Au/Pt
nanostructures produced using (b) 277 nm and (c) 300 nm silica
colloidal crystals as templates. The insets show the corresponding
high-magnification images. Adapted from Lu et al.?°

magnification SEM images show that these hollow spheres
consist of many interconnected small nanoparticles (<10 nm
in average diameter). The nanoparticle framework of the as-
prepared materials provides yet another level of porosity that
gives the structure a very high surface area, as the size of the
small pores and the overall surface area are determined by
the size of the Au/Pt nanopatrticles.

5. Formation Mechanism. Previous studies showed that
when the colloidal crystal template was immersed into a con-
centrated aqueous solution of gold nanoparticles, small gold
nanoparticles were deposited in the interstices of the colloi-
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dal template by an infiltration process, forming a mesopo-
rous structure around the silica spheres. Since the porosity
allowed the solvent to flow freely through the deposit, the
pores could be nearly completely filled with gold
nanoparticles.>®

The situation is different in the present work. After modifi-
cation of the silica spheres with the appropriate molecules,
these molecules are grafted onto the surface of the silica
spheres heading their functional groups such as —NH,, —SH,
and —COOH outward. The immersion of this modified colloi-
dal template into an aqueous solution of small metal nano-
particles leads to an intense coverage of metal nanoparticles
on the surface of the silica spheres. If the concentration of the
metal nanoparticles is relatively low and the immersion time
is comparatively short, the assembly of the metal nanopar-
ticles on the surface of the silica spheres should be predom-
inant. A small quantity of residual metal nanoparticles in the
interstices of the colloidal template can be removed by rins-
ing with deionized water (or by deposition on the surface of
the silica spheres during the N,-drying process). Subsequent
electroless deposition of other metal occurs only on the sur-
face of the silica spheres, and thus the removal of the colloi-
dal template leads to the production of ordered porous
bimetallic nanostructures constructed from hollow spheres. In
contrast, if the concentration of the metal nanoparticles is rel-
atively high and the immersion time is relatively long, besides
the assembly of the metal nanoparticles on the surface of the
silica spheres, a larger amount of them are found in the inter-
stices of the colloidal template. Together with those on the
surface of the silica spheres they associate into a larger meso-
porous structure. The subsequent metal deposit leads to an
almost complete infiltration of the pores of the colloidal tem-
plate. By removing of the colloidal template, macroporous
bimetallic nanostructures with hierarchical porosity are gained.

Applications

1. Catalysis. The ordered bimetallic nanostructures with hier-
archical porosity may exhibit some unusual properties in com-
parison with their solid counterparts with the advantages of
high surface areas, periodicity, and saving of material, and
thus they may yield many promising applications. For
instance, Hyeon et al. demonstrated that hollow Pd spheres
possess excellent catalytic activity in Suzuki reactions and
could be recycled without loss of the catalytic activity.>®> There-
fore, it is only natural to explore their catalytic properties.
The ordered bimetallic Au/Pt (Au/Pd, Ag/Pt, Ag/Pd, Pd/Pt)
nanostructures with hierarchical porosity discussed above are
particularly desirable candidates for catalytic applications for the
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FIGURE 5. (a) Spectroscopic evolution of Fe(CN)>~ in the presence of an ordered hollow Au/Pt nanostructure and (b) pseudo-first-order
plots in the presence of different nanostructures. Adapted from Lu et al.?®

following reasons: (1) these nanomaterials possess uniform
macropores (typically a few hundred nanometers) with periodic
arrays, bicontinuous networks, and highly accessible surface area,
allowing efficient mass transport through the pores and less dif-
fusional resistance to active sites; (2) these nanomaterials are
hierarchical macroporous—mesoporous structures; this specific
structural characteristic gives these materials a very high sur-
face area and enhanced selectivity; (3) the catalytic performance
of these nanomaterials may be improved by adjusting the molar
ratio between the constituting elements.

We investigated the catalytic performance of the as-pre-
pared nanostructures by a typical redox reaction between
Fe(CN)s>~ and S,05%~ as described in ref 24.

Fe(CN)g®> +5,05>” —Fe(CN)g* ™+ 1/25,08 (1)

Figure 5a shows spectroscopically the evolution of
Fe(CN)s>~ upon the reaction with S,05%~ in the presence of
the as-prepared ordered hollow Au/Pt nanostructure. The
absorption spectrum of Fe(CN)g>~ suffers an evident change in
the band peak intensity from O to 50 min. For reaction 1,
pseudo-first-order Kinetics could be used to evaluate the cat-
alytic rate.?® The resulting pseudo-first-order plot of —In A5
versus time gives a good straight line (Figure 5b). Here A,5q
stands for the absorbance of Fe(CN)>~ at 420 nm. The rate
constant for the reaction in the presence of the ordered hol-
low Au/Pt nanostructure is determined from the slope of the
straight line to be 1.62 x 1072 min~'. For comparison, the
same reaction has been applied to investigate the catalytic
properties of the other samples. The rate constants are deter-
mined to be 1.49 x 1072 min~"' for the macroporous Au/Pt
nanostructure, 6.71 x 1073 min~" for the Au/Pt-coated SiO,
film, and 3.21 x 10~* min~" for the bare SiO,, film. All sam-
ples are on a silicon wafer (0.8 cm x 0.8 cm) and are exam-
ined under similar experimental conditions at 35 °C. It is
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evident that both the ordered hollow Au/Pt nanostructure and
the ordered macroporous Au/Pt nanostructure exhibit better
catalytic ability due to their special structural characters.>®

We also investigated the effect of the molar ratio between
Au and Pt on the catalytic performance of the ordered hol-
low Au/Pt nanostructures. The experimental results demon-
strate clearly that their catalytic activity was improved by
increasing the content of gold vs platinum. Our studies have
not progressed far enough to allow us to extract quantitative
correlations between the rate constant and the gold content,
but this will obviously be a fruitful avenue for further
investigation.

2. Surface-Enhanced Raman Scattering (SERS) Sub-
strates. The need for SERS substrates with good stability, easy
and reproducible preparation, and large intensity enhance-
ment has been well recognized in its practical applications.
Recent studies show that highly ordered porous metal (Au and
Ag) nanostructured films prepared by a colloidal crystal-tem-
plate method can provide an excellent platform for this
purpose.?26:27

The SERS enhancement mechanisms can be roughly
divided into two Kkinds, namely, electromagnetic field
enhancement and chemical effects.*®*3° The detailed descrip-
tion for electromagnetic field enhancement and chemical
effects can been found in several excellent review articles and
books.?%® The SERS Stokes signal, P{°, can be estimated
according to the following equation.3°

Py = Noggl A A1)

where I(v) is the excitation laser intensity, 0%, is the Raman
cross section of the target molecules, N is number of mole-
cules involved in the SERS process, and A(v,) and A(vs) are
field enhancement factors. This equation shows that the SERS
signal enhancement is proportional to the fourth power of the



field enhancement factor.

Ordered porous metal nanostructures possess several
advanced features that are particularly well-suited for a SERS
signal enhancement. First, as discussed earlier, tunable hier-
archical porous structures can provide high surface areas that
allow more analyte to adsorb and thus an increasing the num-
ber of target molecules N. Second, a long-range periodicity has
been demonstrated to improve their performance as SERS sub-
strates. According to Gaponenko, the photon density of states
redistribution may readily occur in periodic porous metal
nanostructures, which leads to an increase of the density of
optical modes and thus to a superior enhancement of the
Raman intensity of the target molecules.®' Third, in metal
nanostructures, collective electron oscillations known as plas-
mons can be excited by light. If the excitation is confined near
to the surface of metal nanostructures, it is called a surface
plasmon.?®733 In this case, many crevices are generated
between these macropores during the preparation process,
which is particularly desirable for the SERS effect. It is known
that SERS is a very local phenomenon occurring at crevices or
in the pores of a rough surface. Excited by the incident radi-
ation, a collective surface plasmon is trapped at these crev-
ices, creating a huge local electric field at these sites and by
this increasing field enhancement factors A(v) and A(vg).>*33
According to Xu et al., an electric field enhancement of 10'°
could be achieved between two nanoparticles with a 1-nm
spacing. These local resonant plasmon modes at long-range
ordered crevices are able to produce an enhancement of as
large as 107 in the Raman intensity of the target molecules
adsorbed at these particular crevices.® Fourth, the walls within
ordered porous metal nanostructures consist of many inter-
connected nanoparticles, thus providing another level of
porosity that gives the structure an even higher surface area.
Importantly, a large electric field enhancement can also occur
between these neighboring nanopatrticles, allowing for a fur-
ther increase of SERS signal intensity. Fifth, chemical effects
may result from the interactions between chemisorbed probe
molecules and hot electrons that are produced through plas-
mon excitation.® A “roughness” constructed by periodic crev-
ices and walls consisting of interconnected metal nanoparticles
is very desirable for chemical effects because they can pro-
vide pathways for the hot electrons to the probe molecules,
thus increasing the Raman cross section of the target mole-
cules.®°

SERS applications of ordered porous metal nanostrutured
films are investigated in our group.?” We selectively prepared
an ordered macroporous Au/Ag nanostructured film and an
ordered hollow Au/Ag nanostructured film as described ear-
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(b)

FIGURE 6. SEM images of (a) an ordered hollow Au/Ag
nanostructure and (b) an ordered macroporous Au/Pt nanostructure
produced using 267-nm silica colloidal crystals as templates. The
insets show the corresponding high-magnification images. Adapted
from Lu et al.?”

lier. A SEM investigation reveals that after removal of the sil-
ica template by HF etching both the long-range ordering and
the spherical shape from the original template are well pre-
served in the as-prepared porous metal nanostructures. In the
hollow nanostructures, relatively uniform Au/Ag shells are con-
structed by many larger interconnected nanoparticles in the
size range of 50—80 nm, leading to the formation of a rough
surface (Figure 6a), and importantly, such a patrticle size range
is very efficient for SERS excitation at 514.5 nm. The hollow
feature of the as-prepared samples is evidenced by the bro-
ken Au/Ag shells. In the case of the macroporous nanostruc-
tures, it is noted that the open voids and the walls consisting
of larger interconnected aggregates of nanoparticles form pore
structures (Figure 6b). These pores are well-ordered in a hex-
agonal packing, and such ordered structures can extend sev-
eral hundreds of micrometers. Their performance as SERS
substrates is evaluated by using rhodamine 6G (R6G) as a
probe molecule. For comparison, a silver film is also produced
via the “mirror reaction” because such a film can exhibit high
SERS intensity for R6G molecules.>*3> SERS signals corre-
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FIGURE 7. SERS spectra of (a) 50 nM R6G on different substrates
(1, a Ag film prepared by the mirror reaction; 2, an ordered Au/Ag-
coated silica film; 3, an ordered macroporous Au/Ag
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film) and (b) 20 nM R6G on the different points of an ordered
hollow Au/Ag nanostructured film. Adapted from Lu et al.?”
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sponding to R6G are observed in either case, but clearly the
porous Au/Ag nanostructured films exhibit the highest SERS
signal intensity (Figure 7a). In addition to the large intensity
enhancement, it is also found that the SERS spectra are highly
reproducible on these porous nanostructured films (Figure 7b).
One of the important potential applications of the SERS tech-
nique is the rapid detection of DNA fragments. Unlike fluores-
cence techniques, the SERS technique does not require any
labeling step because it is a technique of vibrational spectros-
copy that gives detailed fingerprint information of DNA
bases.® To explore the capability of the as-prepared porous
Au/Ag nanostructured films for the detection of DNA frag-
ments, DNA bases, including adenine and cytosine, are cho-
sen as a target molecules. Primary experimental results show
that these porous metal nanostructured films are highly desir-
able for detection of DNA bases by SERS technique in terms
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of high Raman intensity enhancement, good stability, and
reproducibility.>”

Summary and Outlook

The studies discussed in this Account have demonstrated the
versatility of colloidal crystal templates to selectively design
different types of novel porous metallic nanostructures and
their promising applications. Despite rapid advances in this
area from the late 1990s, the macroporous metal nanostruc-
tures with long-range ordered lattices and their applications
are still in an early stage of technical development. A num-
ber of challenges remain before these materials will find via-
ble practical applications. First, the diversity of the template
materials is limited to only silica and polymers including
PMMA and PS. In this regard, it is necessary to develop new
strategies for producing monodisperse colloidal particles with
different materials or different shapes. This may lead to the
creation of a series of distinctive properties. Some work has
recently started to address this issue by exploring biological
templates for synthesizing such colloidal particles and inves-
tigating their feasibility as building blocks for the formation of
colloidal crystals.>® Second, the fabrication of colloidal crys-
tals with superior quality and advanced features has been met
with limited success so far. Much effort including patterning of
solid template-directed or aqueous droplet template-directed
crystallization methods has been presented in this field. How-
ever, their feasibility as templates in creating long-range
ordered macroporous metal nanostrutures has still not been
explored.?® Third, as discussed above, although various meth-
ods have already been successfully applied to fabricate highly
ordered macroporous metal nanostrutures, one of primary
challenges is how to achieve control over the infiltration of the
desired composite metals into the interstitial voids of the tem-
plates that often determines the quality and the structures of
the resultant materials and hence their properties.

Besides resolving the above-mentioned questions, future
work in this field is likely to continue to focus on the exploi-
tation of potential applications of these materials.*® We
believe that the rapidly growing interest in macroporous metal
nanostrutures will certainly fuel the excitement and stimu-
late research in this field.
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Fellowship from the Alexander von Humboldt Foundation, and
the EU NoE “PHOREMOST".
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