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Metallic porous materials are of great interest for elec-
tronic, catalytic, and sensor applications.1 In addition, materi-
als with multimodal porosity or hierarchical porous materials
are of interest because larger pores in the structure facilitate
mass transport while smaller pores increase the surface area.
Although porous noble metal materials have been used
extensively in catalytic, electrochemical, and purification
processes,2 synthesis of hierarchical porous noble metal
materials is challenging despite significant progress in
preparing multimodal porous ceramics and metal oxides.3

Templating and dealloying are two approaches to incor-
porate and control porosity within metals. Templating uses
sacraficial inorganic or organic materials to generate pore
sizes ranging from the nanometer to the micron scale.4 The
dealloying process is a method that uses corrosion to
selectively remove the least noble element(s) within an alloy,
resulting in a nanoporous material of the more noble
element.5 For example, immersion of a Ag70Au30 bulk alloy
in nitric acid selectively removes the silver atoms leaving
behind a nanoporous gold network. We reasoned that

combining templating and dealloying techniques would allow
the synthesis of multimodal porous noble metal materials.
In this communication, we report the first synthesis of ultra-
low-density gold monoliths with multimodal pore structure.

To prepare hierarchical porous gold materials, our strategy
was to prepare templated hollow silver/gold (Ag/Au) shells
that could subsequently be dealloyed (Scheme 1). We
adopted a core-shell approach to prepare the hollow Ag/
Au shells since synthetic routes to prepare gold-coated silica6

and polystyrene7 (PS) core-shell particles are well devel-
oped. PS beads (10 and 1µm) were chosen as templates
since they are readily available and can be easily removed
at elevated temperatures. In order to study the physical
properties of individual particles, current synthetic procedures
for gold-coated core-shell particles have been optimized for
preparing limited quantities of material at high dilution and
therefore are inadequate for the preparation of macroscopic
porous materials. Synthesis of gold-coated particles at higher
concentrations leads to particle aggregation which in turn
interferes with the particle casting process. To minimize
particle aggregation at higher particle concentrations, we
experimented with polymer stabilizers during gold depos-
tion.8 Electroless gold deposition on PS beads, in the presence
of the stabilizer poly(vinyl pyrrolidinone) (PVP), proceeded
smoothly with little apparent particle aggregation.9 Once the
electroless gold deposition is complete, the PS beads are
isolated, re-dispersed in distilled water, and then cast to create
a PS-gold monolith. The casting procedure is analogous to
slip-casting of ceramic10 and metal11 particles in which a
suspension of PS/Au particles is placed in a plaster of paris
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Scheme 1. Synthesis of Hollow Nanoporous Gold Shells
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mold and allowed to settle. The plaster of paris is a deposition
surface for the particles and slowly removes water from the
suspension to create a dry monolith. SEM images of cast
PS/Au beads are shown in Figure 1. The relative polydis-
persity of the particles, high suspension concentration (≈
10 wt %), and high rate of sedimentation result in randomly
packed PS/Au spheres12 with void spaces between individual
particles. Unlike previous examples of gold deposition on
silica and PS particles, the gold coating is not a conformal
film but is comprised of discrete gold particles, 100-150
nm in size (see inset). The PVP stabilizer likely favors growth
of individual gold particles while inhibiting gold film
formation.13

Ag/Au PS core-shell particles were prepared by electro-
less deposition of silver on PS/Au spheres (Scheme 1). The
sequence of metal deposition is important since depositing
gold on silver may result in competing Ag0/Au3+galvanic
and electroless deposition reduction reactions.14 The Au:Ag

ratio can be adjusted by varying the gold and silver mole
ratios during plating conditions; however, in the present
work, we have focused on preparing Ag0.85Au0.15 and Ag0.7-
Au0.3 alloys.15 Casting the Ag/Au PS beads and heating the
monolith in an inert atmosphere at 400°C removes the PS
template and alloys the Ag/Au layers. Ag/Au alloy times
were estimated using Fick’s second law of diffusion.16

Preparation of Ag/Au alloys is facile due to matching
crystalline structures, nearly identical lattice constants,17aand
high diffusion rates of silver and gold atoms at elevated
temperature.17b

Large cylindrical Ag0.85Au0.15 monoliths were readily
synthesized with measured densities of 0.8 g/cm3.18 Little
dimensional change in the monolith was observed after heat
treatment, but 23% mass loss was observed. The monolith
microstructure (shown in Figure 2) is composed of hollow
homogeneous Ag0.85Au0.15shells, roughly 10 mm in diameter,
confirmed by energy-dispersive X-ray analysis (EDAX).19

The diameter of the shells roughly corresponds to the size
of the PS bead template, indicating negligable shrinkage upon
template removal. Holes in the shell walls are presumably
due to the release of organic volatiles during bakeout.

To begin the dealloying process, a monolith, comprised
of the hollow Ag0.85Au0.15 shells, was placed in concentrated
nitric acid, which resulted in a violent reaction and cracked
the monolith. Introducing a dilute nitric acid solution that
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Figure 1. SEM micrograph of filter-cast gold-coated PS spheres (9.6 mm
diameter) fracture surface. The darker interior is the PS core, which is
exposed due to surface fracture, while the lighter exterior surface is the
gold surface coating. Inset shows higher magnification of the gold surface.

Figure 2. Fracture surface of a monolith containing hollow Ag0.85Au0.15

shells before dealloying. Inset showing surface of gold shell after dealloying.
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was slowly increased in concentration until concentrated
nitric acid was the final etching solution was found to be
more successful. After etching, monoliths were washed
several times in distilled water to remove residual nitric acid
and then placed in acetone. Once the water was completely
exchanged with acetone, the monoliths were dried by
supercritical CO2 extraction (Tc ) 31.1°C, Pc ) 7.4 MPa).20

Cylindrical gold monoliths (diameter) 0.45 cm, height)
0.8-1 cm) were isolated with measured densities as low as
0.28 g/cm3 or 1.5% relative density. SEM images of a
dealloyed shell is shown in Figure 2 (see inset).

Dealloyed shell dimensions are roughly 9.6 mm in
diameter and 200 nm thick, similar to non-dealloyed silver/
gold shell dimensions, suggesting little volume change during
the dealloying/drying steps. The dealloyed gold nanostructure
on the shell surface is similar to previous reports with
ligament spacings of 10-100 nm5a with no evidence of silver
found in the EDAX spectrum. The gold foam surface area
of 1.48 m2/g, as determined by BET surface analysis, is
comparable to previously reported values for dealloyed Au
porous materials.5a Interestingly, the mole fraction of gold
in the Ag0.85Au0.15 hollow shells is below the 3D site
percolation threshold for bulk alloys and dealloying is not
predicted to form a stable bicontinuous gold structure.21

Many factors may account for the stable dealloyed Ag0.85-
Au0.15 shells (e.g., alloy preparation, length scale, geometry,

and etching conditions). Further investigations to understand
this result are underway.

We have synthesized hierarchical porous gold monoliths
by dealloying cast hollow Ag/Au shells. Large ultra-low-
density gold monoliths were synthesized by slipcasting,
templating, and dealloying techinques. We are currently
investigating the generality of this approach to prepare other
hierarchical metallic porous materials. Monolithic catalysts
are of interest as alternatives to traditional powder/slurry
systems due to catalyst reusability and minimization of
environmental waste.22 The catalytic oxidation activity as
well as the mechanical strength properties of these materials
are currently under investigation.
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