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The design of nanoporous metals is currently an active
area of research because materials of this type hold techno-
logical promise for a wide range of applications, including
catalysis, energy storage and conversion, sensors/detectors,
and nanoelectronics.1-4 Traditional methods for the fabrica-
tion of nanoporous metals involve either a “bottom-up”
approach,5,6 such as aggregation of metal nanoparticles, or
“top-down” techniques, such as dealloying.7-10 These meth-
ods, however, offer limited control over composition and
morphology of the resulting structure. A powerful method
for controlling pore sizes and densities in cellular materials
is the template approach.11-15 In this technique, the template
serves as the central framework that imparts the desired
structural features to the material under construction. De-
pending on the type of template used, cellular materials with
pore sizes ranging from micrometers down to a few
Angstroms can be prepared. This templating approach has
been used to fabricate metallic foams with a wide range of
cell sizes.16-24 Infusion of metal or metal precursors into a

nanocellular template, however, is limited by the extremely
high aspect ratios of the template pore structure, leading to
inhomogeneous or incomplete coating of the template.

To overcome this limitation, we are developing a new
templating method that utilizes aerogels and atomic layer
deposition (ALD) for the fabrication of porous metal
nanostructures. Aerogels are a special class of low-density,
open-cell foams with submicrometer architectures,25,26 and
as such, are ideal templates for the preparation of nanocellular
metal foams. Infusion of metals into these templates is
accomplished by ALD, a process that provides atomic layer
control of thin film growth through sequential, self-limiting
surface reactions.27 Because film growth is self-limiting for
each deposition cycle, the ALD process can be used to
deposit conformal films inside high aspect ratio structures.28-31

With this approach, the properties of the resulting metal
foam, such as porosity and density, can be reliably controlled
through the selection of aerogel template and the number of
metal deposition cycles. In this communication, we use ALD
to deposit uniform tungsten (W) metal coatings on the
skeletal network of two low-density metal oxide aerogel
templates with different morphologies.

The two aerogels selected as templates for W ALD are
representative of the range of nanostructures (i.e., surface
area, nanoparticle morphology, porosity) available in these
materials. The structure of the low-density alumina aerogels
(60 mg/cc), prepared as boehmite (AlOOH), is comprised of
nanoleaflets, 10-15 nm wide and more than 100 nm long, that
interconnect to form a weblike microstructure (Figure 1a).32

As a result, this material possesses a high specific surface
area (∼700 m2/g) and small pore diameters. Conversely, the
low-density amorphous germania aerogels (35 mg/cc) con-
sists of larger elongated nanorods,∼20 nm in diameter and
∼50-200 nm in length, giving the material much lower
surface area (∼60 m2/g) and more open porosity (Figure
1c).33 Tungsten was selected for deposition on these tem-
plates because the nucleation and growth of W metal films
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on flat surfaces by ALD has been extensively studied.34-36

Atomic layer deposition of W metal is achieved by dividing
the binary chemical vapor deposition reaction WF6(g) +
Si2H6(g) f W(s) + 2SiHF3(g) + 2H2(g) into two separate
self-limiting half reactions. Exposure of a substrate to
alternating cycles of disilane (Si2H6) and tungsten hexafluo-
ride (WF6) at elevated temperatures leads to atomic layer
growth of W metal films at a rate of∼2.6-5.2 Å/cycle. To
ensure that these precursors fully penetrate the aerogel
network, exposure times had to be increased significantly
relative to cycle times used for ALD on flat surfaces. In a
typical reaction (or AB) cycle, an aerogel monolith (a few
mm3 in size) was treated with alternating 600 s exposures
of Si2H6 and WF6 at 200°C with 300 s purges between each
half reaction.37 For the germania aerogel, a protective
aluminum oxide layer was deposited prior to exposure to W
ALD to prevent etching of the aerogel by the WF6 precur-
sor.38 The first few W ALD cycles did not yield significant
mass gain for either aerogel template. This observation was
not unexpected, because the W ALD reaction typically
requires several AB cycles to initiate W nucleation on a
substrate. As a result, the film growth rate is not linear during
this induction period, but becomes more uniform as the
number of exposure cycles increase. For our materials, this
induction period was typically three AB cycles, after which

substantial weight gains (more than 2000% for 6 AB cycles)
were measured for both types of templates.

The spatial and depth uniformity of the deposited W metal
was investigated with time-of-flight secondary ion mass
spectrometry (TOF-SIMS). In both materials, the W coat-
ings are uniform throughout the entire aerogel monolith, as
shown in the TOF-SIMS images of the alumina aerogel
treated with 6 AB cycles (Figure 2). This result indicates
that the longer exposure times were effective in allowing
diffusion of the W precursors through the tortuous porosity
of the aerogel template. The morphologies of the aerogels
treated with six W ALD cycles were evaluated using high-
resolution transmission electron microscopy (HRTEM). As
shown in Figure 1, the overall microstructures of the aerogels
are retained after ALD treatment and the deposition of
tungsten is clearly evident on the surfaces of the skeletal
aerogel networks. The morphologies of the deposited W
metal, however, are quite different for the two templates.
For the alumina aerogel, the coating consists of crystalline
W nanoparticles,∼2 nm in diameter, uniformly deposited
on the surfaces of the nanoleaflets (Figure 1b). The nanorods
of the germania aerogel, by contrast, are coated with a
smooth conformal W film,∼2 nm thick (Figure 1d). Because
nucleation and growth of metal films by ALD depends
critically on the uniformity of the substrate surface, this
difference is likely related to the unique surface chemistry
of each template. For the germania aerogel, the protective
aluminum oxide layer that was deposited prior to W ALD
creates an uniform surface for deposition. This uniformity
results in high nucleation density of W metal on the aerogel
surface, leading to conformal film growth. The surfaces of
the alumina aerogels, however, were not treated prior to W
deposition, leading to lower nucleation density of W on the
alumina aerogels and the formation of discrete W nanopar-
ticles. This ability to control the morphology of the deposited
metal, either as nanoparticles or films, through the surface

(33) Kucheyev, S. O.; Baumann, T. F.; Wang, Y. M.; van Buuren, T.; Poco,
J. F.; Satcher, J. H.; Hamza, A. V.Appl. Phys. Lett.2006, 88, 103117.

(34) Fabreguette, F. H.; Sechrist, Z. A.; Elam, J. W.; George, S. M.Thin
Solid Films2005, 488, 103.

(35) Grubbs, R. K.; Nelson, C. E.; Steinmetz, N. J.; George, S. M.Thin
Solid Films2004, 467, 16.

(36) Elam, J. W.; Nelson, C. E.; Grubbs, R. K.; George, S. M.Surf. Sci.
2001, 479, 121.

(37) Atomic layer deposition was performed in a viscous flow reactor
operated in a quasistatic mode at Argonne National Laboratory.
Between each exposure, the reactor was evacuated below 0.24 Torr
and then purged with ultrahigh purity N2 for 300 s.

(38) The protective aluminum oxide layer was deposited on the germania
aerogel through two alternating 600 s exposure cycles to trimethyl
aluminum (5 Torr) and water (5 Torr) at 200°C.

Figure 1. Bright-field transmission electron micrographs of the (a) uncoated
and (b) W-coated alumina aerogel (6 ALD cycles), and the (c) uncoated
and (b) W-coated germania aerogel (6 ALD cycles).

Figure 2. TOF-SIMS images of a fractured W-coated alumina aerogel
(6 ALD cycles) formed by the following SIMS channels: (a) secondary
electron, (b) total positive ion, (c) WO+ ions, and (d) Al+ ions (scale bar
) 100 µm).
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chemistry of the template can be a powerful tool in the design
of new porous metal nanostructures.

The composition of the W coatings was examined by
X-ray photoelectron spectroscopy (XPS). The W4f XPS
spectrum for metallic W has two characteristic peaks at 31.2
eV (W4f7/2) and 33.4 eV (W4f5/2) with a small shoulder at
37.1 eV that is associated with the W5p electrons.39 In the
W4f XPS spectrum for WO3, the most stable oxide of
tungsten at room temperature, these two peaks are centered
at 35.6 and 37.7 eV. The W4f spectra for the aerogels treated
with six W ALD cycles shows four peaks that can be
attributed to both metallic W as well as W6+ (Figure 3).40

This result is consistent with the fact that the top surface of
the deposited tungsten metal film oxidizes upon exposure
to air. On the basis of the deposition rate for the W ALD
reaction (2.6-5.2 Å/cycle) and the typical thickness of the
native oxide layer for tungsten (∼10 Å), it is not surprising
that the aerogels treated with 3 and 4 AB cycles exhibit W4f
XPS spectra that correspond only to WO3. Nevertheless, the
native oxide layer on the surfaces of the thicker films can
be removed through treatment with a hydrogen plasma and
are not expected to have adverse effects on the fabrication
of high-quality nanoporous metal structures.

In summary, this report details a new templating method
for the preparation of porous metal nanostructures. This
process utilizes ALD as a means for depositing conformal
metal films on the inner surfaces of low-density aerogel

templates. As a first example of the utility of this technique,
we have presented the preparation and characterization of
W-coated alumina and germania aerogels. Microstructural
analysis of these materials shows that W deposition is
uniform throughout each template and that the morphology
of the deposited metal, either nanoparticle or film, depends
on the surface chemistry of the skeletal aerogel network. As
metal ALD techniques continue to mature, the approach
presented here could be extended to a wide range of metals
and templates, allowing for the design of metal nanostruc-
tures with controlled porosities and densities.
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Figure 3. Tungsten 4f XPS spectra for the W-coated germania (6 ALD
cycles) and alumina aerogels (3, 4, and 6 ALD cycles).

6108 Chem. Mater., Vol. 18, No. 26, 2006 Communications


