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We review different routes for the generation of nanoporous metallic
foams and films exhibiting well-defined pore size and short-range order.
Dealloying and templating allows the generation of both 2D and 3D structures that promise a
plasmonic response determined by material constituents and porosity. Viewed in the context of
metamaterials, the ease of fabrication of samples covering macroscopic dimensions is highly
promising, and suggests more in-depth investigations of the plasmonic and photonic properties of
this material system for photonic applications.
1. Introduction

Research in plasmonics is driven by the desire to create

materials with designed photonic properties taking advantage

of electromagnetic resonances and concomitant enhancement

of the electromagnetic near-field owing to localized surface

plasmons.[1,2] In order to arrive at a macroscopic response, in

general ordered arrays of plasmonic constituents such as metal

nanoparticles are required.[3,4] Viewed in the concept of

metamaterials,[5] the sub-wavelength periodicity of these struc-

tures results in an effective permittivity function. While many

photonic applications require materials with well-developed

long-range order which, for example, can be prepared by

colloidal crystal-templating methods,[6] also disordered mate-
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rials can exhibit useful photonic functions with effective

permittivities governed by the underlying short-range order. In

this regard, the development of nanoporous metallic materials

for photonic and plasmonic applications has recently attracted

much interest. For example, Yu et al. demonstrated excitation

of both propagating and localized surface plasmon resonances

in nanoporous gold membranes,[7] Dixon et al. reported

surface plasmon resonances in ultra-thin films of supported

nanoporous Au,[8] and Maaroof et al. showed that the

plasmonic behavior of nanoporous gold films can be controlled

by controlling the porosity.[9]

One of the main drivers for the development of plasmonic

metamaterials by colloidal self-assembly or material growth

processes is the desire to improve the sensitivity of surface

enhanced Raman spectroscopy (SERS) for fundamental

molecular science as well as sensor applications. In this

context, the localized plasmonmodes sustained by thematerial

are responsible for the large field enhancement achieved on

nanoporous metal surfaces.[10] Optimizing the plasmonic

response of nanoporous metals requires the capability to

fine-tune the feature size (specifically the size of the pores

of the structure. Despite the fact that long-range order is not

required for this application, most of the studies have been

performed on periodic structures such as inverse opal

crystals.[11,12] Here, we will provide a short review of the

synthesis of non-periodic nanoporous metallic materials. In

contrast to the periodic structures mentioned above, these

materials are not limited to thin films, but can easily be

prepared in the form of millimeter-sized 3D objects. Although

these structures do not exhibit the long-range order of an
mbH & Co. KGaA,Weinheim 1
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inverse opal structure, they still have excellent short-range

order and can be very uniform over large volumes. The

techniques described in the following have been developed or

improved at Lawrence Livermore National Laboratory with

the ultimate goal to design a new class of 3D nanoporous

metals for high energy density laser experiments. This applica-

tion requires the fabrication of millimeter-sized, defect-free

monolithic samples of nanoporous materials with well-defined

pore-size distributions (including hierarchical porosities) and

adjustable densities down to a few atomic percent. Besides

sensor applications,[7,13] such materials have also very inter-

esting catalytic[14–16] and mechanical properties.[17,18] Specifi-

cally, we will address top-down (e.g., dealloying) and

bottom-up techniques (e.g., filter casting and templating) as

well as combinations thereof. We also will review the optical

properties of these materials so far they have been studied by

us or other groups.
Figure 1. a) Plane-view, and b) cross-sectional scanning electron micro-
scopy (SEM) images showing the characteristic spongelike open-cell foam
morphology of np-Au. The material is very homogeneous and exhibits
nanometer-sized pores and ligaments, the latter with a length-to-diameter
aspect ratio close to one. The scale bars are 300 nm.
2. Dealloying

Among the top-down approaches dealloying is an extremely

simple and flexiblemethod. Inmetallurgy, dealloying is defined

as selective corrosion (removal) of the less noble constituent

from an alloy, usually via dissolving this component in a

corrosive environment.[19] This process can lead to sponta-

neous pattern formation, that is, development of a 3D bicon-

tinuous nanoporous structure while maintaining the original

shape of the alloy sample. Thus, virtually any desired shape of

the nanoporous material can be obtained by using an appro-

priately shaped alloy sample. A well-studied example is the
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Figure 2. Cross-sectional SEM images of a) as-prepared and annealed np-Au at b) 300 8C, c)
500 8C, and d) 700 8C. Note the self-similarity of the structure while increasing the feature size by
more than a factor of 30. The relative density of the materials remains constant at approximately
30%.
formation of nanoporous gold (np-Au) via

selective removal of Ag from a Au–Ag

alloy.[20] In this system, the removal of silver

can be achieved by simply submerging the

alloy sample in concentrated nitric acid

(so-called ‘‘free corrosion’’) or by applying

an electrochemical driving force in a less

corrosive electrolyte.[21] The process works

best in a narrow compositional range

around Ag0.7Au0.3,
[22] and generates a mate-

rial with a characteristic spongelike open-cell

morphology and a uniform feature size on

the nanometer length scale (Fig. 1). The

specific surface area of the materials is in the

order of a few m2 g�1.[23] Pattern formation

during dealloying seems to be a consequence

of local surface passivation by clustering of

Au adatoms in combination with continuous

etching of Ag.[20] Within this simple model,

the length scale of the structure should be a

function of the diffusion length of clustering

vacancies and Au adatoms, which are con-

tinuously generated during dealloying. This

conclusion is consistent with the observation
that the feature size in np-Au can be controlled by the

composition of the electrolyte, which in turn controls the

diffusion length.[24] For plasmonic applications it is important

to note that the process can be easily extended to 2D films by

using commercially available white gold leaf with a thickness of

a few hundred nanometers.[25]

An equally important aspect of the dealloying process is

that the feature size in nanoporous gold can be controlled over

a wide range from 10 nm to the micrometer length scale

through a simple annealing procedure. Most notably, this
Figure 3. Left: SERS spectra (632.8 nm excitation) of a 10�6
M crystal violet/methanol solution as a function of

the annealing temperature of np-Au. The methanol-related peak is labeled ‘‘MeOH’’. Lower panel: SEM images
showing the evolution of the surface morphology as a function of annealing. The samples were annealed for 2 h
at each temperature, and the scale bar is 1 mm in all images. Right: Dependence of the average pore width on
annealing temperature. The inset shows the distribution of pore widths after annealing at 450 8C.
process does not affect the

relative density or relative geo-

metry of the material (ligament

connectivity or ligament/pore/

sample shape).[26,27] An exam-

ple of such an annealing experi-

ment is shown in Figure 2. Note

the self-similarity of the struc-

ture while increasing the feature

size by more than a factor of 30.

This effect can be used to

fine-tune the optical properties

of np-Au. For example, we were

able to achieve SERS enhance-

ment factors in the range

of 109–1011 by tuning the aver-

age pore width of np-Au to

�250 nm.[13] The correlation

between pore width and SERS

response is shown in Figure 3.

Our data also show that the

SERS enhancement correlates
Adv. Mater. 2008, 9999, 1–7 � 2008 WILEY-VCH Verlag GmbH &
better with the pore size than with the ligament width,

consistent with findings from inverse opal structures.

Large SERS enhancement factors and size effects in the

optical properties of np-Au prepared by dealloying have also

been observed by other groups. For example, Dixon et al.

studied the SERS response of supported thin films of np-Au,

and reported enhancement factors of up to 104.[8] The observed

SERS enhancement showed a complex dependence on the film

thickness and dealloying time which both affect the morphol-

ogy of the material. For example, the authors find that the
Co. KGaA,Weinheim www.advmat.de 3
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onset of the SERS effect with increasing film thickness

correlates with the appearance of a surface plasmon resonance

feature in ellipsometric spectra. The opposite size effect, that is

smaller pores provide stronger enhancements, has recently

been reported byQian et al.[28] Here, the authors argue that the

observed SERS enhancement depends strongly on roughness

of the ligament surface, and that different ligament nanos-

tructures may be responsible for the different results. In our

point of view, it is the actual pore/sample surface shape which

controls the SERS response. This brief summary of the

available data regarding the SERS response of np-Au prepared

by dealloying clearly demonstrates the necessity of future

studies addressing the structure-property relationship of these

materials. Here, the development of techniques for pore size

control should be of great value for separating plasmonic (i.e.,

field confinement related to pore size and shape) and static

(lightning-rod) effects. But regardless of the details, np-Au is a

unique optical material in that it supports both propagating and

localized surface plasmon resonances as recently demonstrated

by Yu et al.[7]

The dealloying technique can also be used to introducemore

complicated morphologies such as hierarchical porosities by

using ternary alloys such as Cu–Ag–Au as starting material.

The idea is the following: First, the least noble metal is

removed thereby creating a nanoporous binary alloy sample. In

a second step the material is annealed to the desired feature

size. Finally, nanometer-scale porosity is reintroduced into the

ligaments of the structure by removing the second component

of the original ternary alloy system (in this example Ag). We

have successfully used this technique to prepare low-density

(�10 at % relative density) np-Au samples with bimodal pore

size distributions. The main challenge of this approach is the

making of a homogeneous single phase starting alloy which is

extremely challenging due to a miscibility gap in the ternary

Cu–Ag–Au phase diagram. In general, the step-wise dealloying

approach outlined above is severely limited by the availability

of suitable ternary alloys. In the case of thin film samples, Ding

and Erlebacher were able to overcome this limitation by

developing a novel gas-phase electroless Ag plating techni-
que.[29] The trick is to redeposit

Ag on the coarsened ligament

structure of annealed nanopor-

ous Au followed by a second

dealloying step. Using this two-

step dealloying/Ag plating strat-

egy, Ding and Erlebacher suc-

cessfully fabricated ultrathin

gold membranes with bimodal

pore size distributions.[29]
Scheme 1. Synthesis of low-density gold monoliths comprising nanoporous hollow gold shells.
3. Templating

Besides dealloying, templat-

ing is another approach to incor-

porate and control poros-
www.advmat.de � 2008 WILEY-VCH Verlag GmbH
ity.[6,30–33] Here sacrificial inorganic or organic materials are

used as templates to generate a nanostructured porous solid. In

particular, the combination of templating and dealloying

techniques provides a powerful approach to create materials

with complex hierarchical porosities.[34] In the following, some

typical examples of the fabrication of nanoporous gold foams

based on templating techniques will be described (Scheme 1).

The synthesis always starts with the preparation of Au or

Ag–Au coated core/shell particles. After assembling (casting)

these into amonolithic porous structure, a pure metal foam can

be obtained by removing the core material (template). In the

case of Ag–Au foams a dealloying step can be added to create

hierarchical porosities.

Hollow Ag/Au shells can be fabricated by using silica[35] or

polystyrene[36–38] spheres as templates. For our application,

polystyrene (PS) is clearly the preferred choice as micro beads

with a narrow size distribution are readily available. PS

templates can also be easily removed at elevated temperatures

or by dissolution in an appropriate organic solvent. Further-

more, PS beads can be metal coated by employing simple

electroless plating methods.[37] For the application described

here one would typically use PS beads with a diameter ranging

from a few hundred nanometers to several micrometers. The

challenge is to prepare the large quantities of metal-coated

spheres needed for the fabrication of millimeter-sized foam

samples. This makes it necessary to work with highly

concentrated solutions of PS beads that are prone to particle

aggregation,[39] which in turn negatively affects the subsequent

casting process. However, highly concentrated colloidal

suspensions of PS beads can be stabilized by adding a polymer

stabilizer such as polyvinylpyrrolidinone (PVP) to the plating

bath. Using this approach we were able to coat large quantities

of PS beads with Au films of homogeneous thickness and little

apparent particle aggregation. Finally, the metal-coated PS

beads are isolated and redispersed in distilled water.

The next process step is casting to obtain a monolithic

nanoporous sample. The procedure is analogous to slip-casting

of ceramic[40] and metal[41] particles in which a suspension of

particles is poured into a tube inserted into plaster of paris
& Co. KGaA,Weinheim Adv. Mater. 2008, 9999, 1–7
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Scheme 2. Method for preparing monoliths by casting metal particle
suspensions.

Figure 5. a) Fracture surface of a monolith containing hollow Ag0.85Au0.15
shells with a density of 0.8 g cm�3 before dealloying. The holes in the shell
walls are presumably due to the release of organic volatiles during bakeout.
b) Nanoporous hollow gold shell after dealloying. The density of the
corresponding Au foam is 0.28 g cm�3 (1.5% of the full density of Au).
(Scheme 2). The plaster of paris facilitates the settling of

particles by slowly removing the water from the suspension.

This simple technique allows one to prepare millimeter-sized

monolithic samples of nanoporous materials which are very

homogeneous and free of larger defects (>10 mm) such as

voids. As in the case of dealloying, virtually any desired sample

shape can be generated by using an appropriately shaped

plaster of paris cast.

The resulting nanoporous monolith consists of randomly

packed metal-coated PS spheres with void spaces between

individual particles. Figure 4 shows an example of such a

structure obtained by filter-casting of gold-coated PS spheres

with a diameter of 9.6 mm. The apparent lack of long-range

order can be attributed to the relative polydispersity of the

particles, high suspension concentration (�10 wt%), and high

rate of sedimentation. In context of plasmonic applications, it is

important to note that the electroless plated gold films on PS

beads consist of discrete Au nanoparticles, thus adding another
Figure 4. a) SEM image of filter-cast gold-coated PS spheres (9.6 mm diam
The darker interior is the PS core, which is exposed because of surface frac
exterior surface is the gold surface coating. Removal of the PS template gene
with a density of 1.7 g cm�3 (�9% of the full density of Au). b) Higher-magnifi
the gold coating. Note that the gold coating comprises discrete gold particles
The PVP stabilizer likely favors growth of individual gold particles while inhibitin

Adv. Mater. 2008, 9999, 1–7 � 2008 WILEY-VCH Verlag GmbH &
length scale to the structure (Fig. 4b). This may have important

implications as the observation of electromagentic ‘‘hot spots’’

in SERS experiments has been linked to junctions between

nanoparticles.[39] Finally, the pure Au foam sample can be

obtained by removing the PS template by a simple heat

treatment in an inert atmosphere at 400 8C.
Hierachical pore structures can be realized by starting with

Ag–Au-coated PS core/shell particles and adding an additional

dealloying step. Such core/shell structures can be prepared by

electroless deposition of silver on Au-coated PS spheres

(Scheme 1). The sequence of metal deposition is important

since depositing gold on silver may result in competing Ago/

Au3þgalvanic and electroless deposition reduction reac-

tions.[42,43] The Ag-to-Au ratio of the coatings can be adjusted

by varying the mole ratios during plating, and typical

compositions range from Ag0.85Au0.15 to Ag0.7Au0.3.
[44]

Monolithic Ag–Au alloy foam samples can then be obtained

by the slip-casting/annealing sequence described above. Here,
eter) fracture surface.
ture, while the lighter
rates a pure Au foam
cation SEM image of
, 100–150 nm in size.
g gold film formation.

Co. KGaA,Weinheim
the heat treatment also leads to the

formation of a Ag–Au alloy. In case of

the the Ag/Au system discused here,

alloying is facilitated by the matching

crystalline structure of Ag and Au (both

face-centered cubic (fcc) with nearly

identical lattice constants) and high

diffusion rates of silver and gold at

elevated temperatures. An example of

such a structure made from 10 mm

Ag0.85Au0.15 shells is shown in

Figure 5a. The diameter of the shells

roughly corresponds to the size of the

original PS template, indicating neglig-

able shrinkage upon template removal

and good control over the feature size.

Finally, hierarchical pore structures

can be generated by dealloying of Ag–Au

foam samples. Here, the concentration of

the nitric acid needs to be carefully

adjusted to prevent cracking of the
www.advmat.de 5
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Figure 6. a) Fracture surface of a monolith containing hollow 1 mm Ag0.7Au0.3 shells before
dealloying (density 1 g cm�3). b) Fracture surface of a monolith containing hollow 1 mm nanoporous
Au shells after dealloying (density 0.45 g cm�3 or 2.3% of the full density of Au).

6

monolithic sample. Owing to the very low density of such a

material (1.5% relative density, or a void space of 98.5%),

drying is challenging, particularly when one intends to make

millimeter-sized samples of crack-free material. The samples

need to be washed several times in distilled water to remove

residual nitric acid and then placed in acetone. Once the water

is completely exchanged with acetone, the monoliths can be

dried by supercritical CO2 extraction.

An SEM image of a dealloyed shell with a wall thickness of

�200 nm is shown in Figure 5b. The shell diameter (�9.6mm) is

similar to the diameter of the original template thus suggesting

little volume change during dealloying and consequent drying.

Thus the process outlined above provides good control over

the size of the cavities. The feature size introduced by

dealloying is in the range of 10–100 nm, giving rise to a relatively

large surface area of �1.5 m2 g�1 which is comparable to that of

np Au. Thus this material combines the high surface area of np

Au with the morphology control characteristic for templating

techniques.

The size of the cavities only depends on the size of the

orginal PS template, and consequently much smaller structures

than the examples described above can be prepared. Figure 6a

shows a porous Ag–Au alloy monolith obtained by slip casting

1 mmAg70Au30 alloy shells prepared from 1 mm PS beads. The

Ag–Au alloy shell is approximately 50–100 nm thick and

consists of individual particles rather than a continuous film.As

described above, consequent dealloying leads to the formation

of a nanoporous Au foam sample with 1 mm cavities and a

dealloying-induced porosity with a feature size of �10 nm

(Figure 6b).
4. Summary

We have reviewed different schemes for the generation of

porous metals with well-defined pore size distributions

(including complex hierarchical porosities) and adjustable

densities down to a few percent of the full density. Themethods
www.advmat.de � 2008 WILEY-VCH Verlag GmbH & Co. KGaA,Weinheim
described here do not result in the

formation of long-range-ordered struc-

tures, but are capable of delivering

homogeneous materials on a millimeter

length scale. Furthermore, they provide

excellent control over feature size ranging

from a few nanometers up to a few

micrometers, which can be exploited to

tune material properties for photonic and

plasmonic applications, as recently

demonstrated. The technology is not only

very flexible in terms of engineering new

pore morphologies, but can be easily

extended to generate new functional

structures, for example, via using active

optical materials as templates or by

adding these materials during the slip-

casting process.
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