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Nanoporous Metal Foams

N anoporous metal foams (NMFs) have been a long sought-after
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class of materials in the quest for high-surface-area conductive and

catalytic materials. Herein we present an overview of newly developed
synthetic strategies for producing NMFs along with an in-depth
discussion of combustion synthesis as a versatile and scalable

approach for the preparation of nanoporous, nanostructured metal

foams. Current applications of NMFs prepared using combustion
synthesis are also presented including hydrogen storage and catalysis.

1. Introduction

For many applications, nanoporous metal foams (NMFs)
represent the ultimate form factor of a metal. NMFs combine
properties characteristic of metals, such as good electrical and
thermal conductivity, catalytic activity, and ductility/malle-
ability with the extreme materials properties characteristic of
nanoarchitectures, such as aerogels, which include high
surface area, ultralow density, and high strength-to-weight
ratio. Additionally, nanostructuring metals results in size-
effect enhancements in properties such as catalytic activity!™!
and plasmonic resonance,’” further distinguishing the poten-
tial of NMFs over bulk forms of metals.

Synthetic strategies for preparing nanoporous foams of
many nonmetallic substances exist, including foams (aero-
gels) of silica;”® main group, transition, lanthanide, and
actinide metal oxides;'*'l metal chalcogenides;'"'®¥ metal
phosphides;™ carbon;**?! organic polymers;?*?? and even
carbon nanotubes.”? Additionally, numerous approaches
for preparing macrocellular foams of various metals exist,?>*!
such as foaming of metal alloys using bubbled gas or
decomposition of metal hydrides,??! investment casting,”>>’!
chemical vapor deposition onto polymer foam templates,””!
and cooling of liquid metal/hydrogen solutions through their
eutectic points (the GASAR process).?2%31:3 There are also
several well-established approaches for preparing thin films
of nanoporous metals, most notably through dealloying?®=°!
but also recently through deposition of metals onto nano-
structured templates®® ! and laser etching.”® Turning metals
into three-dimensional nanoporous foams, however, has
posed itself to be a significant challenge, and only recently
have viable synthetic strategies for doing so emerged.
Currently, four major approaches for preparing NMFs or
closely related materials have been demonstrated: templat-
ing,®" sol-gel assembly of prefabricated nanoparticles,
nanosmelting of hybrid polymer—metal oxide aerogels,***!
and combustion synthesis.[*?

In this Review, we assess the scope and potential of these
four approaches and present an in-depth discussion of
combustion synthesis employing metal bistetrazolamine
(MBTA) complexes as a versatile platform for preparing
nanostructured, nanoporous metal foams of a large number of
metals and alloys.
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2. The Technological Potential of NMFs

We define a nanoporous metal foam as a three-dimen-
sional structure comprised of interconnected metallic parti-
cles or filaments which exhibits a porosity of no less than 50 %
and in which sub-micron pores (including micropores, mes-
opores, and macropores 50-1000 nm in diameter) measurably
contribute to the specific surface area of the foam.

Indeed, NMFs straddle previously unoccupied parameter
space in the plot of pore size versus relative density for
porous, low-density metallic materials (Figure 1). Metals
having these characteristics take on several interesting
materials properties as a consequence, for example, low
relative density (Opan/Obur)> high specific surface area,
enhanced plasmonic behavior, and size-effect-enhanced cata-
lytic behavior. NMFs with these characteristics could find
utility in a large number of applications and invite an array of
new technological possibilities as well, for example:

Battery-like supercapacitors: High-surface-area, porous
metals could be made to out-perform, in terms of conductiv-
ity,***1 the ultraporous carbon electrodes used in today’s
supercapacitors (ultracapacitors). They could be tailored for
better wetting by electrolytes thereby increasing the double-
layer capacitance at the electrode surface. This situation
translates to higher energy densities. Additionally, high-
surface-area metals allow coupling with other electrochemical
effects at the electrode surface, for example, faradaic
pseudocapacitance and battery-like chemistry.™
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Figure 1. Metal nanofoams occupy new territory in the parameter
space of low-density, porous metallic materials.

High power-density batteries: Extending electrode geo-
metries from 2D to 3D has been shown to significantly
increase areal power capacity.**! NMFs or derivatives of
NMFs could be used to produce enhanced electrodes for
batteries, for example, high-surface-area porous zinc for zinc—
air batteries. Additionally, the thin struts and open porous
“highways” of NMFs provide an ideal environment for rapid
mass transport of ions into and out of electrodes and, in turn,
faster discharging and recharging batteries.*”!

Viable hydrogen storage: Nanostructured metals have
been shown to improve reaction kinetics, lower the uptake
and release temperatures, and reduce the enthalpy of
formation of metal hydrides.*¥! Nanoporous, nanostructured
palladium, magnesium, nickel, and lanthanum alloys could
thus provide useful scaffoldings for rapid hydrogen uptake
and release. Coupled with templated micron-sized channels
(“lightning holes”) to facilitate rapid mass transport, the
nanometer-dimension struts of NMFs could safely and
efficiently store and release hydrogen fuel on the time scale
required for practical hydrogen vehicles. Furthermore, unlike
many other nanomaterial approaches to metal hydride
storage, hydridable metal NMFs would also have the ability
to efficiently transport heat to and away from sites of hydride
formation and decomposition—a major technical hurdle in
optimizing reaction kinetics, cyclability, and desorption tem-
perature.[**4

Substitutes for platinum-group metals: Size-effect-
enhanced catalytic properties of metals such as Au and even
common metals such as Ni, suggest that nanostructured foams
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of these metals could be used to produce catalytic converters
competitive with platinum-group metals, which are in dimin-
ishing supply, both in terms of turnover per square meter of
catalyst and turnover per dollar.”!

FElectromagnetic composites: Combining the loss tangent
of a metal with the dielectric constant of air, NMFs fall in a
region of electromagnetic parameter space unoccupied by any
existing material. This unique pairing of properties could be
used to make better passive cooling composites,*” which can
reduce the cost and complexity of satellites by eliminating the
need for heavy cooling systems in many cases.

Surface-enhanced Raman spectroscopy (SERS): The
coupling of high surface area and enhanced surface plasmonic
behavior make NMFs of silver and gold promising for
SERS.[()'SI'SZ]

Antimicrobial scaffolds: Silver NMFs could be incorpo-
rated in biomedical implants to provide a semi-permanent
antimicrobial functionality that can double as a scaffold to
promote tissue regrowth.

Filtration and desalination: Conductive porous substrates
are of great utility as electrodes in desalination and as ion-
exchange membranes. Both carbon aerogels and porous silver
have shown promise for these applications.’*>" Provided the
pore size of the substrate can be rendered to diameters on the
order of the Debye length of ions in the solution, such
substrates could be tailored to selectively transport either
positive or negative ions simply by adjusting the potential
applied to the electrode.>

Lightweight structures: The extreme low density of NMFs
optimizes the cube-root of the Young’s modulus-to-density
ratio that would make NMFs useful as foam cores for
ultralight sandwich panel structures.®!

Heat sinks: Coupling the thermal conductivity of metals
with ultrahigh surface area, NMFs represent an efficient form
factor for maximizing thermal flux—of great potential value
in dissipating heat from integrated circuits and heat exchang-
ers.!

Ultra-high-field electromagnets: Optimizing 1/0Cxk for a
material (where p is bulk density, C is specific heat, and « is
electrical conductivity) maximizes the attainable field of an
electromagnet with prescribed temperature rise and
strength.””! While macrocellular metal foams optimize this
value compared to that of bulk metals, NMFs further optimize
the value compared to that of macrocellular metal foams.

Magnetic media: Extending the magnetic advantages of
thin-film metals volumetrically, nanoporous magnetic metals
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could find utility in applications ranging from data storage to
flat-panel speaker cones.

3. Synthesis of NMFs
3.1. The Elusiveness of NMFs

Nanoporous metal foams have been late to develop in
comparison with nanoporous foams of other substances. First,
bottom-up approaches useful in preparing nanoporous foams
of non-metallic substances are not well-suited for metals. For
example, aerogels of many different substances can be
prepared through supercritical drying of gels in which the
solid phase of the gel is composed of the desired substance;
however, no synthetic pathways for gels with metallic back-
bones have yet been demonstrated. Second, top-down
approaches useful in preparing macrocellular metal foams
encounter problems arising from length-scale-dependent
phenomena in scaling to nanometer dimensions. For example,
open-celled nickel macrocellular foams with pore sizes in the
100-300 pm range can be produced through electrodeposition
or chemical vapor deposition (CVD) of nickel tetracarbonyl
onto polymer-foam templates followed by oxidative removal
of the template,®>" however analogous deposition using
CVD or ALD (atomic layer deposition) of metals onto silica
or carbon aerogels results in the formation of discrete
nanoparticles too sparse, or a thin film too weak to stand as
a monolithic structure on its own in isolation from the
template, as opposed to a continuous, cohesive conformal
coating throughout the aerogel interior.’”*) Other methods
used for preparing macrocellular foams, such as investment
casting, are limited by practically attainable melt viscosities,
thermal conductivities, and, in the case of the GASAR
process, control over nucleation of gas bubbles used to foam
the metal.”>*2!

3.2. Characterization Techniques

Techniques useful in characterizing other porous nano-
architectures are also effective for NMFs. Many NMFs also
exhibit significant macroporosity and so optical microscopy
can be helpful, however SEM and TEM are needed to
appreciate the most relevant porosity. Surface techniques,
such as X-ray photoelectron spectroscopy (XPS), Auger
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spectroscopy, and energy-dispersive X-ray spectroscopy
(EDAX) are valuable for characterizing the chemical com-
position of NMFs and, in the case of XPS, the chemical state
of elements at the foam surface. NMFs can also easily be
characterized by powder X-ray diffraction (XRD) which,
when used in conjunction with surface techniques, can help
create a complete compositional profile of the foam. Small-
angle scattering techniques utilizing neutrons (SANS) or X-
rays (SAXS) are even more powerful analysis tools which
enable unambiguous measurement of particle aggregate
geometry, particle morphology, particle size distribution,
and even specific surface area.” Gas sorption isotherms
can also be used to calculate specific surface area from
Brunauer—-Emmett-Teller (BET) theory.®!! Similarly, pore
size statistics (for pores ranging from 1.7-300 nm) can be
determined from complete adsorption/desorption isotherms
using the Barrett-Joyner—Halena (BJH) model.” Nitrogen is
the preferred analyte for both techniques, however often
individual samples of NMFs exhibit relative densities so low
(<1%) that their total surface area is too small for reliable
analysis with nitrogen. In these cases, krypton can be
employed instead, although its adsorption behavior only
allows for calculation of specific surface area and not pore size
statistics. Using both bulk and surface techniques is of critical
importance for characterizing NMFs since most procedures
for preparing NMFs involve high-temperature processing
and, as the resulting materials contain very fine grains and
have nanometer-scale features, compositional gradients can
become heavily pronounced. This feature translates into
compositional variation between the interior of the struts of
the foam (important for applications such as hydrogen
storage) and the mass-transport-accessible surface porosity
(important for catalysis).

We have found surface area per mole as opposed to
surface area per unit mass to be a more useful metric for both
comparing the surface area of NMFs to other nanoporous
materials and gauging catalytic propensity. For example,
nanoporous iron monoliths prepared in our laboratory exhibit
surface areas as high as 258 m*g !, approximately three-times
lower than per-mass surface area values typically reported for
mesoporous carbon aerogels (ca.750 m?>g™!).?? Taking into
consideration atomic weight, however, the nanoporous iron
foam has a molar surface area of 11400 m’mol~' compared
with only 9000 m?’mol™"' for the carbon aerogels. In other
words, the nanoporous iron foam has a larger surface area per
surface-accessible atom. Thus, herein we report specific
surface area both by mole and by mass.

3.3. Templating and Dealloying Approaches

One seemingly straightforward approach for preparing
NMFs is deposition of metals onto a template structure of the
desired pore size, for example, arrays of colloidal silica
particles (also called colloidal crystals) or polystyrene (latex)
spheres. Infiltration into templates with sub-micron features,
however, proves to be quite challenging in practice, as the
interstitial regions of such arrays are narrow and thus difficult
to penetrate/wet by metals or metal precursors. Jiang et al.
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have demonstrated an electroless deposition technique suc-
cessful in penetrating the interstitial spaces of such templates
that is extensible to a variety of metals including Ni, Cu, Au,
Pt, and Agl® In this approach, Au nanoparticles are
deposited onto a template of thiol-functionalized colloidal
silica spheres with a diameter of a few hundred nm. The
resulting monolayer of gold then allows for facile electroless
depositions for a potentially wide variety of metals. The
process gives free-standing thin films with ordered, mono-
disperse pores ranging from 200-600 nm, with reasonably
high surface areas of 590-1760 m*mol ™" in the case of Ni (10—
30m*g™!). A similar technique demonstrated by Yan et al.
using a different deposition process on arrays of ordered,
monodisperse polystyrene spheres enables production of
films with 250-500 nm pore sizes.™¥! In their technique,
solution-phase nickel acetoacetonate is infiltrated into the
array of spheres. Wetting is facilitated by selection of a
suitable solvent, for example, ethanol/water mixture or acetic
acid. The acetoacetonate salt is precipitated by a second
infiltration of the template with oxalic acid. The salt-coated
template is finally calcined or reduced under H, to afford NiO
or Ni, respectively, and the template is burned away to leave a
free-standing porous film that exhibits surface areas compa-
rable to those of Jiang et al. Both templating approaches,
while limited to thin films, produce materials with regular,
ordered porosity—of critical importance for optical and
metamaterial applications.

A variant on templating used in the production of
disordered nanoporous metal thin films is dealloying.?*=>%!
In this method, an alloy of a target metal and one or more
relatively more reactive metals is prepared such that a
sufficient amount of the target metal is present to create a
continuous percolating network (in the case of Au typically
over 16 vol % ). Alloys of silver and gold or copper and gold
are commonly used. The alloy is then etched either electro-
chemically or with acid to selectively remove the less-noble
metal(s), leaving behind a nanoporous framework of the
remaining metal. While this approach produces thin films
with pores under 100 nm, it scales poorly beyond dimensions
of 1 mm because of the diffusion-limited processes required
and is thereby restricted to thin films and small monoliths.
Additionally, because of the constraints on the chemical
reactivity, dealloying is only effective for alloys of a handful of
metals. One industrially important example of dealloying is
the catalyst known as “Raney nickel” used in numerous
reactions including the hydrogenation of alkenes and aro-
matics, such as the hydrogenation of benzene to cyclohex-
ane. Raney nickel is, in fact, a nanoporous form of Ni
produced by leaching Al out of Ni—Al alloys using highly
concentrated (ca. 5M) sodium hydroxide. The resulting
material is approximately 85 wt % Ni and exhibits a specific
surface area of approximately 4100-5870 m*mol~" (ca. 70-
100 m2 g—l).[67,68]

A technique for preparing macroscopic monoliths of
nanoporous gold foams using dealloying has recently been
demonstrated through use of a macropore templating tech-
nique similar to that developed by Yan et al. to address the
diffusion problems associated with dealloying.”” In this
approach, gold (15atom%) and silver (85atom%) are
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deposited over micron-sized polystyrene spheres through
electroless deposition. The metal-coated spheres are then cast
into a container by pouring a suspension of the spheres onto
filter paper. The polystyrene spheres are next pyrolyzed away
under inert atmosphere at 400°C, leaving behind a macro-
porous gold-silver foam. Finally, the gold-silver foam is
dealloyed by etching with incrementally concentrated sol-
utions of nitric acid, resulting in a hierarchically porous gold
foam, that is, a macroporous foam with nanoporous gold walls
(Figure 2). Optionally the foams may be supercritically dried

Figure 2. Hierarchically porous Au foam prepared through dealloying
of Au—Ag alloys templated onto polystyrene beads (image courtesy Dr.
Juergen Biener).

from CO, to insure preservation of microporosity and
mesoporosity.” The technique allows the production of
nanoporous gold foams with dimensions of several centi-
meters and in virtually any shape that can be filter cast.
Additionally, each of the steps involved is relatively straight-
forward, although the entire process is somewhat lengthy.
However, as the technique is an extension of dealloying, it is
limited to only and a handful of elements and alloys. Also, like
dealloyed thin films of Au, Au foams produced through this
process still contain a significant amount of Ag even after
etching (up to 4.4 atom % at the surface).”*7" For catalyst
applications, however, this residual Ag may actually be
advantageous, for example, it has been shown that the
enhancement in catalytic behavior of dealloyed Au in room-
temperature oxidation of CO to CO, actually occurs at the
nanosized Ag inclusions remaining in the Au.P”

3.4. Sol-Gel Approaches
3.4.1. Direct Assembly of Nanoparticles

Despite the availability of numerous sol-gel techniques
for the synthesis of metal and metal-containing nanoparticles,
sol-gel pathways that directly assemble metal nanoparticles
into gels suitable for supercritical or freeze drying into
aerogels have proven to be surprisingly difficult. Brock et al.
demonstrate a number of synthetic pathways for producing
aerogels of metal chalcogenides and metal phosphides
through synthesis of surfactant-stabilized nanoparticles fol-
lowed by controlled oxidative removal of the surfactant
groups to invoke gelation.'7>" Gacoin et al. first explored
the viability of preparing gels of metal chalcogenide nano-
particles in depth,”¥ the possibility of which was a matter of
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debate for some time,” and showed that necessary con-
ditions for gelation of metal chalcogenides include 1)a
solubility of nanoparticles on the order of about 30 wt %
and 2) the ability to controllably remove stabilizing ligands
from the nanoparticles to invoke sol-gel assembly. Imparting
these lessons to the possibility of making metal aerogels
through a similar approach, it stands to reason that metal
nanoparticles with high solubility in a polar solvent would be
necessary to achieve a sol-gel transition, however the
availability of such metal nanoparticles, even from well-
developed systems (such as Au), is limited.

To evaluate the potential of this approach for producing
metal aerogels, we sought out a formulation of highly water-
soluble nanoparticles of a metal with which ligand removal
and agglomeration could be attempted. Uzun et al. have
demonstrated a technique for producing Au nanoparticles
with high water solubility by utilizing a dual-ligand
approach”™ that gives Au nanoparticles with solubilities in
water of up to 30 wt%. As a proof-of-concept, we oxidized
aqueous solutions of these nanoparticles with hydrogen
peroxide in concentrations ranging from 2 to 30 wt % using
a modified version of the procedure outlined by Gacoin et al.
After approximately 48 h following introduction of 30 wt %
H,0,, porous, nanostructured, orange precipitates resulted
(Figure 3). No solid phase appeared with lower concentra-
tions of peroxide. This kind of precipitative sol-gel event, in
contrast to a container-wide transition to a gel, highlights one
of the challenges underlying development of a direct sol-gel
approach for production of nanoporous metal gels and
aerogels, in that even approximately 30 wt % of metal nano-
particles such as Au is still too low of a molar concentration to
invoke a sol—-gel transition. The fact that such agglomerates of
nanoparticles form at all, however, suggests that the principle
of controlled ligand removal could be used to assemble a gel
network of metal nanoparticles that could be subsequently

Figure 3. SEM image of the porous structure formed from the precip-
itation of water-soluble Au nanoparticles by oxidative ligand removal.
The formation of this structure indicates how a direct sol-gel approach
for the production of Au aerogels might work. Inset: optical micro-
scope image of porous Au precipitate.
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supercritically dried to yield metal aerogels, although high
molar solubilities would likely be necessary.

3.4.2. Metal Aerogels Derived by Nanosmelting

One of the most effective approaches for producing NMFs
to date is the technique demonstrated by Leventis et al., who
recently reported the first synthesis of iron aerogels through
“nanosmelting” of hybrid polymer/metal oxide aerogels
prepared through a sol-gel process.**”! The approach is the
most direct analogue to the processes used for making other
types of aerogels and results in materials that are highly
mesoporous (that is, contain a large percentage of pores
between 2-50 nm in diameter), exhibit high specific surface
areas (ca. 5300 to 16800 m?’mol ' or ca. 95 to 300 m*g "), and
have a bulk density 170-times lower than that of bulk iron
metal (0.046 gcm ™).

The nanosmelting process bears a resemblance to the
pyrolytic carbonization technique used for transforming
resorcinol-formaldehyde (RF) polymer aerogels into carbon
aerogels.”? The process begins with the formation of a sol-
gel-derived hybrid gel comprising interpenetrating nano-
structured networks of RF polymer and iron oxide. To
produce such a gel, an acid-catalyzed alternative™ to the
RF sol-gel chemistry developed by Pekala®? is combined
with the epoxide-assisted gelation of metal salts used for
preparing gels of metal oxides developed by Gash and
Tillotson,"!! leveraging the Brgnsted acidity of metal salts
(such as nitrates and chlorides) as both a source for the metal
oxide network and a catalyst for RF polymerization.*!! The
hybrid RF-iron oxide gel is then supercritically dried to
afford a hybrid RF-iron oxide aerogel. Finally, the aerogel is
pyrolyzed under Ar at temperatures of 800-1000°C, during
which the RF network dehydrates into carbon (as is the case
in synthesis of carbon aerogels) generating CO, along with
amorphous carbon and CO which concomitantly reduce the
iron oxide network to metallic iron. This process is essentially
a nanoscale analogue to the smelting of iron oxide with coke
used to produce pig iron. While CO is the active reducing
agent in the smelting of bulk iron, it is hypothesized that the
intimate mixture of nanoparticulate carbon and metal oxide
in these materials and comparative lack of oxygen results in
direct, solid-state reduction.” This solid-state hypothesis is
supported by the fact that polymer-cross-linked samples, that
is, samples whose skeletal RF/iron oxide networks are
conformally coated with polymer (so-called “x-aerogels”),
smelt at approximately 400°C lower than native RF/iron
oxide. In these cross-linked samples, the cross-linker melts
early (at ca. 200°C), inducing efficient mixing and reaction of
the RF and iron oxide nanoparticles. Depending on the
pyrolysis temperature used to smelt the aerogel, the resulting
material is a mesoporous foam composed of either a mixture
of iron carbides and carbon or nearly pure metallic iron (as
shown by powder X-ray diffraction), with only a small portion
of residual carbon detectable by EDAX—effectively a “pig
iron aerogel” (Figure 4). In total, approximately two-thirds of
the mass of the original aerogel is volatilized in this process
(Figure 5). Iron aerogels produced through this technique are
both magnetic and electrically conductive.
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Figure 4. SEM image of iron aerogel derived by nanosmelting of sol—
gel-derived hybrid resorcinol-formaldehyde/iron oxide aerogels (image
courtesy Dr. Nicholas Leventis).

Figure 5. From left to right: Hybrid resorcinol-formaldehyde/iron oxide
aerogel; polyisocyanate cross-linked resorcinol-formaldehyde/iron
oxide x-aerogel; mesoporous iron aerogel derived from nanosmelting;
macroporous iron aerogel derived from nanosmelting of polyisocya-
nate-cross-linked x-aerogel (image courtesy Nicholas Leventis).

Nanosmelting has also been demonstrated for Co, Ni,
Cu,® and the main-group metal Sn (Figure 6). The approach
shows tremendous potential as a synthetic pathway for
preparing a large variety of nanoporous metal foams and
possibly even metal carbide foams. One appealing feature of
this process is that both composition and porosity can be
tailored through controlled annealing. Additionally, pyrolysis
of hybrid resorcinol-formaldehyde/metal oxide x-aerogels
cross-linked with polyisocyanates results in macroporous
metal foams with pores in the 1-10 micron range—making
this approach a valuable method for preparing metal foams
with pore sizes that fall between those of NMFs and
macrocellular metal foams. Furthermore, the technique
utilizes well-established aerogel processing methods and
equipment and, in principle, can be scaled to monoliths of
any shape and with dimensions in the centimeter range. Like
other aerogel materials, however, the technique requires
time-consuming diffusion-limited solvent exchanges, and it is
unclear if the technique is extensible to metals that do not
form stable network oxides (such as Au, for example) or
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Figure 6. Left: SEM images of hybrid resorcinol-formaldehyde/metal
oxide aerogels. Right: temperature-dependence of composition versus
smelting temperature of the nanosmelting process as measured by
powder XRD'? (data courtesy Nicholas Leventis).

metals such as Ti or Zr that cannot be carbothermically
reduced to metal from their oxide.®" ™ In its current stage,
monolithicity and shape control are attainable but compli-
cated by change in volume and occasional cracking resulting
from pyrolysis; however numerous strategies could poten-
tially be implemented to manage these aspects of the
production process.

3.4.3. Supercritical-Phase Synthesis of Nanostructured Metal
Powders

An early attempt at producing metal aerogels demon-
strated a strategy for preparing high-purity, nanostructured
powders of metals with aerogel-like characteristics.® In this
approach, a suspension of a metal acetate in methanol is
heated to supercritical conditions, during which the acetate is
reduced to a metal by the methanol. The resulting metal
atoms subsequently undergo sintering into larger particles
which in turn agglomerate. Upon venting of the supercritical
methanol, a fine, nanostructured metallic powder remains.
While not monolithic, the resulting powders in many ways
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resemble the microstructure of monolithic NMFs. Further-
more, the technique is not limited to only smeltable metals
and has been demonstrated for Cu, Au, Pd, and alloys of Cu
with Pd. The technique is predicted to be extensible to other
metals with easily reducible salts, such as Ag, Pt, Bi, Rh, Re,
As, Os, Se, and Te, among others.

3.5. Pyrolysis of Metal Salt/Dextran Pastes

Walsh etal. demonstrate a process similar in some
respects to nanosmelting in which pastes of the polysaccha-
ride dextran mixed with metal salts are heated between 500—
900°C to afford macroporous metallic sponges of Ag, Au,
CuO, and composites thereof.®™ This pyrolytic process results
in foams with pores ranging from 1-50 um in diameter,
particles/struts on the order of 1-15 pum, and surface areas on
the order of 0.5-1 m?g~!, depending on temperature and
length of heat treatment. Although the foams produced
through this technique are not significantly nanoporous or
nanostructured, they occupy a useful region of the pore size
versus density parameter space between NMFs and macro-
cellular foams and could potentially serve as interesting
precursors to NMFs.

3.6. Combustion Synthesis

Combustion synthesis (also called self-propagating high-
temperature synthesis or SHS) refers to techniques that
utilize decomposition of energetic substances to produce
materials. In these techniques, the inherent energy released
from combustion of the precursor mixture drives forward
reactions with high activation energy barriers at room
temperature. Combustion synthesis techniques exist for a
wide range of materials including metal oxides, ceramics, and
intermetallics, yielding materials in the form of powdered
solids, filaments, and foams.®"

Recently, Erri et al. produced nickel and nickel/nickel
oxide foams with pores ranging from 100 pm-1 mm in
diameter through combustion of nickel nitrates with glycine
in air.’”] By adjusting the nickel nitrate to fuel ratio, both the
composition of the foams and the combustion wave prop-
agation can be controlled. Control over wave propagation is
important for enabling formation of foams over powders,
which result if the combustion wave propagates too vigo-
rously. In principle the technique is extensible to a wide
variety of materials and is significantly less expensive and less
toxic than the CVD techniques previously used to prepare Ni
foams with comparable pore size to density ratios. However,
as the materials produced through this technique are not
nanoporous they exhibit relatively low specific surface areas
of 50-200 m*mol ' (0.8-3.5 m*g ™).

A different type of combustion synthesis process for
preparing NiAl alloy foams has been demonstrated by Hunt
et al.®® In this process, nanometer-sized Al particles are
passivated with fluorinated organic ligands (C,3F,;COOH)
that double as a gasifying agent. The particles are then mixed
with micron-sized Al particles and nanometer-sized Ni
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particles, pressed into pellets, and laser ignited. The result is
the formation of a porous NiAl foam with between 10-80 %
porosity, depending on the amount of gasifying agent added.
These foams could potentially serve as useful precursors to
nanoporous Raney Ni foams (which could be prepared by
leaching the Al from them with concentrated sodium
hydroxide).

Combustion synthesis of metal foams with nanoporous
structures was first demonstrated in our laboratory through
the use of yet another combustion synthesis technique
involving complexes of metals containing the high-nitrogen
ligand bis[1(2)H-tetrazol-5-yl]amine (bistetrazolamine or
BTA). In this approach, metal bistetrazolamine (MBTA)
complexes are synthesized, pressed into pellets, and ignited
under inert atmosphere. The result is the formation of metal
foams with pores primarily ranging from a few nanometers to
several microns in diameter carved out by struts comprised of
nanosized particles and filaments (Figure 7). As we will
demonstrate in the Section 4, the technique is easily exten-
sible to a wide range of metals and a number of ceramic
compositions and affords materials with remarkably high
surface areas ranging from 2000-11400 m*mol™" (10-
260 m*g™"). We refer to materials produced through combus-
tion synthesis of MBTA complexes as “nanofoams”, as they
are not only nanoporous but also intrinsically nanostruc-
tured—a property that differentiates their potential techno-
logical applications markedly from those of macroporous
metal foams.

IUNEHE

R A R O L e O ey T g

Figure 7. Top left: Fe nanofoam next to an unburnt pellet of FeBTA
complex. Top right: Oval- and circle-shaped copper nanofoams. Unlike
Fe, Cu nanofoams retain the same shape and size as the unburnt
pellet from which they were synthesized. Bottom: Co nanofoams
exhibiting porosity ranging from nm to mm.
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4. Combustion Synthesis with Metal Bistetrazol-
amine Complexes

4.1. Origins of the Technique

The technique for producing metal nanofoams using
combustion synthesis was discovered during the character-
ization of a class of energetic salts and transition-metal
complexes being developed at Los Alamos. Chavez et al. had
synthesized the alkali- and alkaline-earth-metal salts and
copper complexes of several members of the tetrazole family
(primarily those of bistetrazole (BT) and bistetrazolamine
(BTA).”®! Klapétke et al. have since also explored these and
other related complexes in depth.”*1%l As energetic additives
to pyrotechnics, these compounds produce color through
excitation of metal atoms released during combustion, gen-
erating primarily only N, and CO, gas as by-products. This
chemistry was later extended to additional transition-metal
complexes for which we sought to characterize combustion
behavior by determining pressure—dependent burning rates.
In attempting to characterize the combustion of the iron BTA
(FeBTA) complex, the diagnostic camera observing the
interior of the pressure vessel containing a pellet of the
compound had become obscured and it was assumed the
experiment was a failure. Upon opening the vessel to set up a
new experiment, however, an ultralow-density, expanded,
gray foam was found, which, on contact with flame, burned in
air to yield a rust-colored form of roughly the same
dimensions as the original foam. Subsequent characterization
of the gray foam revealed a composition of approximately
50 wt% elemental Fe, approximately 50 wt % organic resi-
dues, and an intricate, porous nanostructure. Simple reductive
heat treatment of the foam under H, resulted in what we now
call an iron nanofoam.

We have since extended this combustion synthesis process
to a wide variety of metals and nonmetals and have explored a
number of parameters in efforts to control the morphology
and properties of materials produced through this process.

4.2. Phenomenological Description of the Combustion Synthesis
Process
4.2.1. Energetic Behavior of High-Nitrogen Complexes

Combustion synthesis of nanofoams is made possible by a
somewhat unusual decomposition behavior inherent to com-
plexes of metals containing the BTA ligand. Few energetic
nitrogen-containing transition-metal complexes exhibit
steady deflagration (a relatively slow, self-sustained combus-
tion event not requiring outside air) during ignition and
decomposition and most commonly undergo rapid transit to
detonation (a combustion event that occurs at such a fast rate
that a supersonic wave is propagated). This is an undesirable
outcome for combustion synthesis of monolithic materials,
which requires a steady, controlled combustion front that does
not blow the precursors apart.

Common examples of energetic metal compounds include
the simple salts of metal azides, fulminates, acetylides,
picrates, and styfnates, as well as, to name a few, the heavy-
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metal complexes of 5-H-tetrazole, aminonitrotetrazoles, 5-
nitrotetrazoles, azotetrazolate, and tetraamine."™ Many of
these materials are not only sensitive to detonation with
flame, but often also with slight friction or impact.['%! Table 1
lists the combustion properties of several energetic metal
complexes at ambient pressure. (Note: the only simple
energetic salts shown are those of hydrazoic acid, as most
other simple energetic salts contain oxygen, precluding their
utility for combustion synthesis of materials composed of
reduced metallic species.) In terms of energetic decomposi-
tion, most energetic high-nitrogen metal complexes exhibit an
“all-or-nothing” behavior, that is, either extreme sensitivity
with tendency to detonate or total lack of any self-sustained
energetic decomposition, that is, they are inert. For example,
sodium azide has a low heat of formation and does not sustain
combustion in the absence of an oxidizer (such as the iron
oxide found in the propellant mixtures used to inflate
automotive air bags). Transition-metal azides, such as those
of copper, silver and lead, however, have very high heats of
formation and, upon ignition, with or without confinement,
detonate violently, releasing disperse nanoparticles. Even
slow, controlled decomposition of silver azide in an electron
beam produces disperse, although regular, nanoparticles of
silver metal with dimensions on the order of 100 nm.['"”

4.2.2. Metal BTA Complexes and the “Goldilocks” Effect

Table 1 shows the reactivity behavior of complexes
prepared with ligands containing bridged tetrazole rings,
namely, those of bistetrazole (BT), bistetrazolamine (BTA),
and azotetrazole (AzT). Both BT and AzT are similar to BTA,
with the exception of an additional nitrogen in the bridge of
AzT and the absence of a bridging nitrogen in BT. Despite the
structural similarities among the three ligands, the addition or
removal of just one nitrogen atom in the bridge of the ligand
vastly changes the dynamics of decomposition of derivative
metal complexes. Complexes of BT, while sometimes explo-
sive, in most cases are essentially non-combustible, while
complexes of AzBT are dangerously sensitive and readily
detonate. Complexes of BTA, however, are only mildly
energetic. This trend amounts to a “Goldilocks effect”*! in
terms of the utility of complexes for combustion synthesis
(Figure 8): complexes of BT self-extinguish in combustion;
complexes of AzBT are too energetic to yield monolithic
materials; and complexes of BTA are “just right”, possessing
the balance of energetic behavior and chemical properties
required to yield useful materials upon combustion. Thus
BTA complexes appear to fall within an exceptional island of
combustibility containing the ability to sustain combustion
but not detonate, while simultaneously facilitating a reductive
environment that enables metallic structures to form. In
general, most energetic transition-metal complexes fall on the
“too hot” side of the Goldilocks effect, while non-energetic
transition metal complexes are “too cold”

[:’:

“Goldilocks and the Three Bears” is an English language fairytale in
which Goldilocks has a series of three-way choices. In each instance
she finds one option “just right” and the other two options are
opposing extremes (“too hot”/“too cold” etc.).
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Table 1: Common high-nitrogen free acids that yield energetic metal salts or energetic metal complexes.

H N
\N SN
\ Il H* Fast deflagration
N:< N—N Bistetrazolamine Alkali/alkaline earth Non-combustible
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® © H* Detonates
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Transition metals Sensitive/detonates
H
H* Slightly combustible
'\ll/ H 5-H-Tetrazole Alkali/alkaline earth Non-combustible
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NH,
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Azotetrazolates

Too hot

Figure 8. The unique, mild energetic behavior of the bistetrazolamine ligand enables formation of

Bistetrazolates
Too cold

metal nanofoams where similar high-nitrogen ligands are either too inert or too energetic.

4.2.3. The Transition from Molecules to Foam

complex together is reduced to its
zero-valent state by nearby nitrogen
and carbon centers and is released
with significant kinetic energy. These
atoms agglomerate into small nano-
meter-scale grains. These nanoparti-
culate grains in turn agglomerate
together to form larger continuous
struts, the assembly of which is
guided by expanding N, gas, and a
nanofoam is “blown”. As a conse-
quence, the mean pore size and the
mean particle size observed in metal
nanofoams are not necessarily cor-
related. Figure 9 depicts the steps of
this process.

Various methods for characterizing the porosity of
combustion-synthesized metal nanofoams reveal that the

When MBTA complexes undergo the entropy-maximiz-  majority of porosity in these materials typically falls between
ing process of combustion, the metal atom binding the 10 and 200 nm. While pore size statistics from BJH analysis of
© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 9. Representation of the dynamic assembly of metal nanofoams
by combustion synthesis of metal BTA complexes.

metal nanofoams typically gives values in the mesopore range
(2 to 50 nm), a more complete picture is gained when these
data are coupled with ultra-small angle neutron scattering
(USANS) and SEM image analysis. Figure 10 shows pore size
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Figure 10. Pore statistics derived from USANS and SEM image analy-
sis for Pt nanofoams, showing pores ranging from 10 to 200 nm in
diameter.

distributions derived using both USANS and image analysis
for platinum nanofoams formed under an overpressure of
3.6 MPa of Ar. The BJH model for these materials gives pore
areas ranging from 1.9-53000 nm? with an average pore area
of 9.4 nm? (a pore diameter of 3.1 nm). Both USANS and
SEM image analysis, however, indicate that the majority of
pore areas in these materials falls around 10000 nm? (ca.
100 nm in diameter). Fitting of the USANS data using both a
maximum entropy technique (“maxent”) and log-normal fit
(“logspheres”) are found to be in good agreement, as
previously observed for small-angle scattering measurements
of nanostructured energetic materials."® Thus nanofoams
can be described as partially mesoporous (pores ranging from
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2 to 50 nm), like aerogels, and partially macroporous (pores
greater than 50 nm). Since materials exhibiting porosity in the
range 50 to 200 nm exhibit markedly higher surface areas than
materials with micron-sized pore diameters, also considered
macroporous, we find the blanket term “nanoporous” most
convenient and appropriate in describing nanofoams, noting
that there is no officially agreed upon range of values
associated with this term.

While most MBTA complexes that we have surveyed have
proven to be only mildly energetic (with the important
exception of one BTA complex of gold, see Section 4.5.5),
variation in energetic behavior still exists among BTA
complexes of the transition metals. Important consequences
of this include variation in monolithicity (cohesiveness) and
porosity among different nanofoams.

Insight into the assembly mechanism underlying forma-
tion of metal nanofoams can be gained by analyzing the heats
of formation and calculated adiabatic flame temperatures of
different MBTA complexes (see Table 2).1%! Importantly, all
of the complexes listed in Table 2 still fall below the melting
point of their respective bulk elemental metal. These data
suggest that melting does not occur during formation of the
foam, but rather that foam assembly occurs by rapid sintering
and/or localized surface melting in a highly non-equilibrated
state.['!”)

We have identified one case in which the adiabatic flame
temperature of an MBTA complex appears to be higher than
that of the melting point of the nascent metal formed—that of
the disilver salt of BTA. High-speed video and post-combus-
tion analysis of this complex make it apparent that higher-
than-melting-point flame temperatures are attained. As
shown in Figure 11, the combustion of this complex is a
highly luminous orange and the resulting silver metal self-
sinters into a nonporous ingot. SEM of the product (Figur-
e 11b,c) confirms that the ingot is indeed heavily sintered,
with only a small amount of porosity remaining in certain
areas. These results, along with the measurements of the
adiabatic flame temperatures of other complexes, indicate
that for nanofoam formation to occur, combustion front flame
temperatures must remain below the bulk melting point of the
metal to inhibit overall sintering of the metal monolith. Thus,
based on thermodynamic data for a given MBTA complex, a

Figure 11. a) Image sequence of Ag,BTA combustion showing the high-
temperature formation and self-sintering of Ag metal, b) SEM image of
resulting melt-solidified Ag metal, and c) porous area of resulting Ag
metal seen in top left corner of panel (b).
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Table 2: Heats of formation and adiabatic flame temperatures of some bistetrazolamine complexes.

Complex name Chemical Molecular  Heat of Density ~ Adiabatic Flame Melting Point
formula weight Formation [k)mol™]  [gecm™]  Temperature [K]®  of Bulk Metal/K

Ammonium CHisNyFe  563.23 767.8 1847 12193 1811

tris (bis (tetrazolato)amine) Fe'

Ammonium bis (bis (tetrazolato)amine) Ni"  C,H;(NNi ~ 396.95 —10.4 1.734 621.4 1728
Ammonium CeHqsN3Co  566.32 781.8 1.856 1237.2 1768

tris (bis (tetrazolato)amine) Co"

Bis (tetrazolato)amine Cu" diammonia C,H;N,Cu 248.70 52.6 1.767 708.0 1358
Ammonium CHi Ny Pd  444.68 336.7 bl ] 1828

bis (bis (tetrazolato)amine) Pd"

Ammonium C,HioNyPt  533.34 —-109.2 el ol 2041

bis (bis (tetrazolato)amine) Pt"

[a] Calculated at 1.01 bar. [b] Data Unavailable.

rough prediction of the possibility of nanofoam formation by
combustion synthesis can be made. Other variables to take
into consideration in making this prediction include the ratio
of the metal to gas-forming atoms, as well as reduction
potential of the metal, that is, whether or not it can be reduced
to a zero-valent state with the energy/agents available in the
combustion environment.

4.2.4. A Molecularly Integrated Blowing Agent

Another important aspect of the nanofoam assembly
involves the role of nitrogen and other gaseous products
released during combustion synthesis. A large volume of gas
is produced during the decomposition stage of MBTA
complexes. This gas effectively serves as an integrated
blowing agent, responsible for the formation of the majority
of the pores observed in metal nanofoams (ranging from tens
to thousands of nanometers). This gas is also important in the
reduction of the oxidized metal from the complex to a zero-
valent state, and must be relatively free of any oxidizing gas so
as to produce a net-reductive (or at least net-oxidation-
neutral) environment. Metals that are highly electropositive
might be expected to further utilize the nitrogen gas released
from the ligand to form metal nitrides. This approach, in fact,
has been exploited by Frank etal. to produce disperse
nanocrystals of GaN from the detonation synthesis of gallium
azides."!

4.3. Synthesis of Metal BTA Complexes

One of the advantages of the MBTA combustion synthesis
technique lies in the ability to produce a large number of
complexes through aqueous chemistry. BTA ligands can be
produced by the method described by Naud et al.l'"?! (see also
the syntheses described by Friedrich etal. and Klapotke
et al.’*!). Briefly, sodium dicyanoamide is treated with
sodium azide acidified to a pK, of less than 1 to produce
sodium bistetrazolamine (NaBTA). The NaBTA is then
rinsed thoroughly with sodium nitrite (NaNO,) to destroy
any residual azides. Next, NaBTA is treated with HCl to

Angew. Chem. Int. Ed. 2010, 49, 4544 — 4565

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

produce the free-acid bistetrazolamine monohydrate
(BTAw), which is then recrystallized. BTAw is subsequently
treated with 2 equivalents of ammonium hydroxide to pro-
duce a highly soluble diammonium salt (DA-BTA), which
yields a chalky white precipitate of diammonium bistetrazol-
amine monohydrate (DA-BTAw) upon evaporation.
DA-BTAw can then be treated with any of a number of
metal salts, such as chloride, nitrate, or perchlorate salts in
aqueous solution to form the desired MBTA complex.!'!*114
The crystal structure for CoBTA is shown in Figure 12. The

Figure 12. Thermal ellipsoid plot (ellipsoids set at 50% probability) for
the crystal structure of the CoBTA complex used for combustion
synthesis of Co nanofoams. Gray C, blue N, red Co.

number of BTA ligands that attach to the metal center
depends on the chemistry of the metal being used (see
Table 3). For example, reaction of DA-BTA with iron
perchlorate gives an iron complex with three BTA ligands.
Reaction of DA-BTA with auric acid (HAuCl,) gives two
complexes, one with two BTA ligands and one water ligand,
and another complex with three BTA ligands. In some cases,
such as the noble Group 10 metals, low solubility in aqueous
solutions limits complex formation and requires heating to
proceed efficiently. For example, PABTA can be synthesized
by reaction of ammonium bistetrazolamine ((NH,),BTA)
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Table 3: Transition-metal bistetrazolamine complexes useful for prepar-
ing metal nanofoams by combustion synthesis.

Metal Number of BTA  Monolithicity of nanofoam
ligands
per metal atom

Fe 3 Ashy
Co 3 Ashy
Ni 2 Ashy (unassisted combustion) or moderately

robust (with Joulean heating of combustion

pellet)

Cu 1 + 2NH; Robust

Ag 0.5 Robust with inclusion of Ag nanoparticles

Au 2 + 1H,0 Robust, elastic

Au 3 Ashy

Pd 2 Ashy (unassisted combustion) or robust (with
Joulean heating of combustion pellet)

Pt 2 Ashy (unassisted combustion) or robust (with
Joulean heating of combustion pellet)

Ti 2 Robust

with either K,[PdCl,] or [PdCL,(CH;CN),] by mixing a heated
solution of (NH,),BTA (2equiv) in water with a heated
solution of palladium salt (1 equiv), giving a white or beige
precipitate and pale-yellow solution.

Scheme 1 depicts the typical steps involved in the syn-
thesis process from the production of BTA, DA-BTA, and an
MBTA complex (in this case FeBTA). A number of MBTA

H

|
N N N
/YY\N
Va

NaN; + NaNH(CN), > N
HCI \N/NH HN—
Sodium azide Sodium dicyanoamide Bistetrazolamine (BTA)

H

!
N N N
PAS NN S =N
N N — N N
N\ N 7
N N~—nN

NonH N NHLOH —N
NH;  NHy
BTA Diammonium BTA
I >

N N N —N N
= =N H0 N ~n
[Fe(CIO4)s(Ha0)s+ N Y Y N2 [NHy >
\\N/N N\N// A 3 [\ N~y N—N

. : N
NH  NH, / 3

Fe

Scheme 1. Reaction scheme for the production of metal BTA com-
plexes.

complexes cannot be prepared through a straightforward
aqueous route, such as, those of titanium and perhaps
zirconium and hafnium (for example, most Ti starting
materials (such as TiCl,) hydrolyze on contact with water).
These complexes can instead be prepared through a non-
aqueous pathway employing metal alkoxides (see Scheme 2).
Instead, TiBTA can be produced by treating titanium
isopropoxide (Ti[OCH(CH,),],) with two equivalents of
BTA in anhydrous ethanol. This results in a complex suitable
for preparation of Ti nanofoams. Synthesis of Ti nanofoams is
described in more detail in Section 4.5.1.
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Scheme 2. Non-aqueous synthesis of TiBTA.

4.4. Methods for Controlling Nanofoam Formation
4.4.1. Ignition Method

The primary method we have used for ignition of pressed
pellets of MBTA precursors is through a resistively heated
nickel-chromium wire. However, laser ignition using a
10.6 um CO, laser is also effective and helpful in both
increasing the area of ignition, which makes for a much more
reliable and robust combustion, as well as increasing produc-
tion throughput. Additionally, laser heating is of great utility
when ignition of a MBTA precursor is difficult, such as with
BTA complexes of the Group 10 metals. These complexes
seem to fall at the lower limit of sustainable combustibility
and special measures must be undertaken to facilitate a self-
propagating combustion front. Laser ignition can also be
coupled with the application of an electric current across the
combustion-front plasma to assist in ignition across the entire
face of a pellet. In other combustion synthesis reactions, this
approach has resulted in improvement of materials properties
over materials prepared by conventional combustion syn-
thesis techniques, as demonstrated by Munir."" Application
of electric current is also useful for systems of low reaction
enthalpy, low reaction rate, and non-optimum thermal con-
ductivity which cannot form self-sustaining combustion
fronts, as is the case with high-density pellets of Group 10
MBTA complexes. For comparison, preheating pellets to
120°C to drive fully dense Group 10 MBTA complexes to
combustion seems to change the combustion wave character-
istics and results in excessive grain growth and loss of the finer
structure within the nanofoam. Electric current activation is
primarily thermal in nature, producing rapid localized Jou-
lean heating during combustion and influencing wave velocity
and wave characteristics. Moreover, electric current can
induce self-propagation reaction waves in larger precursor
density ranges, which can be a determining factor in the size,
shape, and distribution of pores in the final product. Better
control over wave properties might eventually eliminate the
necessity for post-combustion treatments and provide better
control over the structural parameters of pores and struts of
the foam.

4.4.2. Pressure

Combustion synthesis of metal nanofoams is typically
performed in a combustion chamber with an overpressure of
inert gas of up to 10.4 MPa. In contrast with most transition-

metal energetic materials in which the burning phase quickly
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transitions to detonation, MBTA precursors exhibit a pres-
sure-dependent burning rate. An example of this can be seen
in FeBTA, which exhibits a factor of five burning rate increase
from increasing the over-pressure from 0.1 to 7 MPa.["" Foam
morphology is affected by numerous factors including burn-
ing rate and heat transfer; therefore, it comes as no surprise
that altering the overpressure affects the foam microstructure.
Similarly, changing the inert atmosphere from nitrogen to
argon also changes the foam morphology, presumably
because of a difference in thermal conductivity between the
gases. This pressure effect on nanofoam microstructure is
illustrated by SANS measurements of structural components
in nanofoams produced from combustion of FeBTA over a
range of pressures (Figure 13).
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—©— Fe Foam, 1.42 MPa Ar oy
0.0l | —+—Fe Foam, 2.07 MPa Ar
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Figure 13. SANS analysis of Fe nanofoams combusted at different
over-pressures showing a feature size dependence on the over-
pressure. R... = sphere radius of foam microstructure, R; = radius
of gyration, I(Q) = scattering intensity, O = momentum transferred
in scattering event.

4.4.3. Post-Combustion Annealing

As produced, metal nanofoams from combustion syn-
thesis contain a large percentage of carbon- and nitrogen-
containing organic impurities (up to 50 wt % ). These impur-
ities can be removed through volatilization under inert
atmosphere or by annealing the nanofoam under H, at
elevated temperatures (ca. 500°C). Interestingly, prior to
purification, Fe and Co nanofoams, while predominantly
metallic, are not magnetic, whereas the as-produced Ni
nanofoam is strongly magnetic. After heat-treatment, all
three nanofoams exhibit strong ferromagnetism, this is in part
due to purification but mostly due to ordering of nanocrystal-
line and amorphous phases.

4.4-4. Inclusion of Gas Generates

As mentioned in the discussion of adiabatic flame
temperatures versus nascent metal melting point in Sec-
tion 4.2.3, combustion of Ag,BTA results in a primarily

densified silver product as opposed to a silver nanofoam.
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While portions of this product may take on some character-
istics of a typical nanofoam, the majority of the ingot is
smooth with the appearance of being self-sintered. This result
is attributed to a high adiabatic flame temperature of
decomposition and a high Ag content in the Ag,BTA complex
relative to the other MBTA complexes (which have metal:
BTA ratios of less than one).

To overcome this problem, various techniques involving
the addition of a so-called gas generate to combustion pellets
of Ag,BTA were investigated. The selection of the gas
generate, dihydrazinium bistetrazole, was based on consid-
erations of needing a highly reductive environment (dihy-
drazinium bistetrazole contains a large weight percent of
hydrogen) as well as having a relatively low heat of
combustion to reduce the adiabatic flame temperature
below the melting point of Ag. Combustion synthesis with
these hybrid pellets resulted in a smoke containing disperse
Ag nanoparticles rather than a monolithic material, which,
while an interesting approach for the production of Ag
nanoparticles, was not desired. This result implies that
incorporation of a gas generate as implemented is not a
suitable technique for decreasing the density of a metallic
nanofoam, although a more aggressive mixing method that
would enable nanoscale mixing of Ag,BTA and gas generate
could give a mixture that behaves as a single averaged
molecule.

However, if instead, pellets of Ag,BTA and 10-50 wt %
dihydrazinium bistetrazole are slowly heated to 500°C in a
reducing environment (such as H,), both decomposition of
the Ag,BTA and simultaneous heat-treatment occurs, yield-
ing an intact Ag nanofoam monolith (Figure 14) with
approximately the same aspect ratio of the pressed precursor
piece. This in situ reduction process is not unlike that of the
work of Erri etal. involving pyrolysis and reduction of
AgNO; on a dextran template, although nanofoams produced
with Ag,BTA exhibit much finer structure.

Figure 14. Ag nanofoam formed from the slow decomposition of
Ag,BTA+10% dihydrazinium bistetrazole gas generate: a) 10000 x
magnification (scale bar is 1 pm) and b) 200000 x magnification
(scale bar is 20 nm).

4.4.5. Inclusion of Metal Nanoparticles

Inclusion of nanoparticles among with the metal complex
in the combustion pellet is another approach for facilitating
nanofoam formation in difficult-to-form nanofoams. This
approach reduces gas production and provides additional
thermal mass that aids in cooling the combustion flame.
Proper combustion synthesis of pellets of Ag,BTA (as
opposed to the in situ reduction discussed in Section 4.4.4)
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can in fact be achieved by including Ag nanoparticles
dispersed throughout the combustion pellet. Combustion
synthesis of these mixed pellets results in monoliths with a
very fine nanostructure, finer than the insitu reduction
approach, but accordingly the shape of the pre-combustion
piece is not preserved. It is hypothesized that these nano-
particles uptake excess heat generated from the combustion
of Ag,BTA by undergoing melting, heat that would otherwise
sputter Ag released from decomposition of the complex. Slow
decomposition by in situ reduction of these pellets also works
well. EDAX spectra reveal that, like other nanofoams, as-
produced the Ag nanofoams contain small amounts of
residual carbon and nitrogen in addition to Ag metal.
Complete removal of these carbon- and nitrogen-containing
by-products is effectively achieved through heat treatment in
an atmosphere of 6% H, gas in argon at 500°C (as
determined by thermogravimetric analysis). EDAX of the
heat-treated material indicates a composition of essentially
pure metallic silver.

We have also demonstrated the ability to incorporate
other nanomaterials into a metallic nanofoam matrix through
the dispersion of the nanomaterial of interest into pressed
MBTA combustion pellets including ceria nanoparticles
dispersed in copper nanofoam, carbon nanotubes dispersed
in both copper and iron nanofoams, and various combinations
of metal nanoparticles in metal nanofoams. Nanocomposites
of copper with ceria have shown promise for hydrocarbon
conversion catalysts while nanocomposites of copper with
carbon nanotubes have demonstrated viability as field
emission electrodes.

4.5. Metal Nanofoams of Interest and Their Applications
4.5.1. Titanium-Based Nanofoams for Medical Implants and
Solar Energy

Ti nanofoams have been synthesized and show impressive
mechanical strength. The successful synthesis of Ti nanofoams
demonstrates the flexibility of the MBTA combustion syn-
thesis approach. Most Ti precursors suitable for preparing
MBTA complexes are also reactive with water (for example,
TiCl,), and so a non-aqueous synthetic route for preparing
these complexes had to be established. BTA is insoluble in
many aprotic polar organics (such as DMF) useful in
solubilizing easily hydrolyzed metal chlorides. Instead, a
simple pathway employing Ti alkoxide in ethanol proved to
be effective: TiBTA can be produced by the reaction of
Ti[OCH(CHs;),], with two equivalents of BTA in dry alcohol
(Scheme 2).

From an applications perspective, titanium is valuable
because it has the highest strength-to-weight ratio of any
elemental metal, is highly corrosion resistant, and is consid-
ered to be physiologically inert. The combination of these
properties makes Ti widely useful for applications ranging
from aerospace to medical implants. As such, fabrication of
titanium nanofoams would have implications in many fields.
In the medical arena, titanium is compatible for osseointe-
gration, that is, the direct connection of underlying living
bone and structural implant.''”! As a lightweight material,
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titanium is prized, and combining it with the open, porous
structure of a nanofoam invites the possibility of even lighter
weight stiff structural materials using Ti nanofoams as foam
cores in sandwich panels.""®! Figure 15a shows a SEM image

Figure 15. a) SEM image of titanium nanofoam synthesized under inert
gas (scale bar is 500 nm) and b) SEM image of titanium dioxide
nanofoam synthesized by oxidation of titanium metal nanofoam in air
(scale baris T um).

of Ti nanofoam produced from TiBTA ignited under inert
atmosphere. Ti nanofoams exhibit a surface area of
5590 m?*mol™" (70 m*g™"), robust monolithicity, and pores in
the range of hundreds of nanometers as well as a substantial
amount of micron-diameter macroporosity—advantageous
for biomedical applications, such as osseointegration, where
penetrability by cells is an important consideration.

If pellets of TiBTA are ignited in air instead of inert
atmosphere, a coherent titania (TiO,) nanofoam with macro-
porosity can be produced (Figure 15b). In contrast with metal
foams produced by combustion synthesis, XRD analysis
shows titania nanofoams exhibit an essentially amorphous
structure with broad peaks corresponding to anatase (not
shown). Alternatively and somewhat unexpectedly, Ti nano-
foams can be oxidized in air to yield crystalline titania
nanofoams which, surprisingly, retain their structural integrity
after oxidation. Titania nanofoams produced through this
method exhibit a mixture of anatase and rutile titanium
dioxide as identified by XRD (Figure 16) and, while probably
not as high in surface area as titania aerogels, the macro-
porosity and crystallinity of titania nanofoams makes them
potentially valuable in other respects. Dye-sensitized solar
cells (DSSC) are one application that could benefit from
crystalline macroporous titania nanofoams."” In DSSCs,

600 ® Anatase TiO,
¢ Rutile TiO,

Intensity (counts)

20 30 40 50 60 70 80 Q0
20 (deg)

Figure 16. XRD data for a titania nanofoam produced from the
oxidation of a titanium metal nanofoam.
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photogenerated electrons are created typically by a mono-
layer of organometallic ruthenium dye deposited on titanium
dioxide nanoparticles. The n-type titanium dioxide carries the
electron while the holes are passed to an electrolyte. Titania
nanofoams provide a coherent nanostructured substrate upon
which dye can be deposited and provide facile mass transport
for deposition as well as space for multiple layers of film.

Synthesis of MBTA complexes of other metals for which
there are no good water-compatible precursors, for example,
Zr, Hf, and Si, may also be possible using the alkoxide
synthetic approach. Additionally, the capability of Ti nano-
foams to retain cohesiveness upon oxidation in air is not
unique to Ti and demonstrates how metal nanofoams can
serve as precursors to other porous materials, for example,
oxides and nitrides.

4.5.2. Nickel Nanofoams as Low-Cost Catalysts

Nanostructured nickel is a potentially low-cost alternative
to precious-metal catalysts. The requirement for this is an
electronic band structure that promotes the reaction of
interest and a specific high surface area to maximize reagent
contact. An example is the use of so-called “skeletal
catalysts”, “sponge metal catalysts”, or “Raney nickel”, that
is, high-surface-area nickel structures produced by leaching,
or dealloying, of aluminum from NiAl alloy with sodium
hydroxide to isolate a porous Ni material. These catalysts
have been used for many organic processes including hydro-
genation, ammonolysis, reductive alkylations, and dehydro-
genation.®! Importantly, though, a substantial amount (up to
25 wt %) of Al remains even after leaching.’*®!

Porous nickel is also used as an electrode in fuel cells,
batteries, and hybrid supercapacitors.'*”! The higher surface
area of porous metals allows the electrolyte to access more of
the metal, resulting in faster charge/discharge characteristics.
Nickel is typically used as the positive electrode, being one of
few materials that can withstand repeated cycling and the
associated volumetric changes.!'?!]

Nickel metal nanofoams have been produced by combus-
tion synthesis of NiBTA. Figure 17 shows an SEM image of a

Figure 17. SEM image of Ni nanofoam produced by combustion syn-
thesis, exhibiting a surface area comparable to Raney Ni (scale bar is
200 nm).
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typical Ni nanofoam. As-produced Ni nanofoams exhibit
poor monolithicity but achieve a surface area of approx-
imately 2110 m*mol ' (36 m*g ). This value compares rea-
sonably well with the 1200-5900 m*mol " (20 to 100 m*g™")
typical for Raney nickel.!®! Figure 18 shows a powder X-ray
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Figure 18. XRD data for nickel nanofoam showing cubic (blue dia-
monds) and hexagonal (black hexagons) crystal phases of Ni.

diffraction (XRD) pattern for a Ni nanofoam. A curious
product of the combustion synthesis is the presence of both
the typical cubic form of nickel as well as the less-common
hexagonal form. The implications of this result on catalytic
activity have not yet been evaluated. Furthermore, unlike
Raney Ni catalysts which contain residual Al, Ni nanofoams
produced from this process contain metallically pure Ni.['??

4.5.3. Metal Nanofoam—Nanoparticle Nanocomposites

As discussed in Section 4.4.5, nanofoams of poorly
behaved MBTA complexes can be stabilized by inclusion of
nanoparticles of the target metal in the energetic pellet.
Nanocomposites of metal nanofoams containing discrete
metal nanoparticles of other metals can also be prepared in
this way. A metal-metal nanocomposite of interest is
produced through the inclusion of nickel nanoparticles into
a copper nanofoam matrix (Figure 19a). This material is
interesting for catalytic applications as the Ni and Cu remain
segregated, thus retaining their separate characteristics in
terms of catalysis and electrical/thermal conductivity rather
than exhibiting properties of NiCu alloys. This arrangement
invites a pathway for producing heterogeneous metal cata-
lysts with high catalytic specificity by leveraging multiple
segregated metals in the same catalyst.

Figure 19. a) Copper nanofoam with embedded hexagonal Ni nano-
particles. b) Copper nanofoam with introduced CNTs. c) Iron nano-
foam with introduced CNTs.
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Because of interest in the direct oxidation of hydro-
carbons for fuel cells and water—gas shift catalysts,'* we have
also prepared composites of Cu nanofoam with 11 nm ceria
nanoparticles. Much like the nanoparticulate metals, the ceria
nanoparticles were found to retain their composition and
structure in the Cu nanofoam matrix, and by back-scatter
imaging and EDAX, we determined the particles to be
homogenously dispersed.

The inclusion of carbon nanotubes (CNTs) within metal
matrixes has attracted attention because of the possibility of
dramatically increased strength and thermal and electrical
conductivity. Successfully doing so is difficult, however, and
most techniques for making metal-CNT composites rely on
powder metallurgy procedures, which limit the homogeneity
achieved in the composite in addition to limiting the intimacy
of contact between the CNTs and metal. Standard melt-
processing of such composites is not useful owing to the need
for high temperatures that damage the CNTs in addition to
high melt viscosities that limit mixing of CNTs. An interesting
approach utilizing a combustion synthesis technique has been
developed by Groven and Puszynski that allows for inclusion
of CNTs within NiAl metallic alloys and TiB, ceramics by
utilizing the heat associated with the formation of these
intermetallics."*"! Their technique shows that even at the high
temperatures achieved during the intermetallic reaction the
CNTs remain intact, although the composition of composites
that can be prepared with this technique is limited to binary
systems that undergo intermetallic reactions, and dispersal
resolution is limited to the grain size of the precursor powders.
Inclusion of CNTs into metallic nanofoams has been demon-
strated for the cases of iron and copper, and appears to result
in close contact between metal and CNT, as well as a high
degree of homogeneity (Figure 19b,c).

4.5.4. Palladium Nanofoams for Catalysis and Hydrogen Storage

Palladium is a well-established catalyst in organic syn-
thesis."” It is considered to be one of the most versatile
catalysts for C—C bond formation and is well-known for its
hydrogen permeability. Bulk palladium also reversibly stores
a remarkable amount of hydrogen, up to 900 times its volume
at room temperature; although in nanosized palladium,
desorption is not completely reversible."! Although these
discoveries date back to the 19th century, invigorated interest
in Pd came with the advent of hydrogen fuel cells both in the
need to store hydrogen and in the need to filter impurities
from the hydrogen feed stream.

We synthesized palladium nanofoams as a model system
to study the adsorption—desorption kinetics and reversibility
of hydrogen storage with the goal of improving the kinetics of
hydrogen storage in commercially viable hydrogen-storage
alloys, for example, LaNis.

PdBTA pellets roughly double in volume upon combus-
tion, affording fragile black Pd nanofoam monoliths. SEM
images (Figure 20) shows an extremely fine structure with a
polymodal pore size distribution centered in the range of 100
200 nm, with structural elements consisting of particles
roughly 10-20 nm in diameter. The finer structural features
of the walls are better appreciated under TEM (Figure 20c,d).
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Figure 20. a, b) SEM images of Pd nanofoam formed at 3.5 MPa
nitrogen overpressure a) before hydrogen uptake and release and

b) after 20 hydrogen-uptake/release cycles; c) TEM image of Pd nano-
foam; d) TEM image showing fine grain structure of Pd nanofoam.

The BET surface area of Pd nanofoams formed at 3.5 MPa
overpressure was 3900 m*mol ! (36.5 m?g").

The hydrogen sorption properties of Pd nanofoams were
evaluated by collection of isotherms in static hydrogen at
pressures up to 1000 mbar at various temperatures. Identical
isotherms were also performed on macrocellular palladium
foam, powder (ca. 0.5 um diameter), and sheet (ca. 0.1 mm
thick). Figure 21 shows a representative isotherm at 50°C for
Pd nanofoam compared with Pd powder. As seen in
Figure 21, the kinetics of adsorption for both the powder
and nanofoam are quite fast; however, there is a significant
difference in the curve profiles. The nanofoam was found to
uptake hydrogen more rapidly than the powder, although the
total uptake volume in the nanofoam was found to be about
half that of powder or sheet. A decrease in hydrogen capacity
of the nanofoam was somewhat expected because of the lower
purity of the Pd produced by the combustion process.
Figure 20d shows an SEM image of the nanofoam after
20 hydrogen adsorption/desorption cycles. No obvious phys-
ical degradation of the foam has taken place. Overall Pd
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Figure 21. Hydrogen-uptake performance of Pd nanofoam compared to
commercially available Pd powder. Pd nanofoams show promise for
rapid uptake, outperforming the powder in initial uptake.
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nanofoams show great promise for rapid hydrogen storage
and can probably be further improved through purification
and additional enhancement of surface area.

4.5.5. Size-Effect-Enhanced Gold Nanofoam Catalysts

Although gold is usually considered a catalytically inac-
tive metal because of its completely filled 5d orbital and high
first ionization energy,’?”! nanostructured gold has been
shown to be catalytic. Some examples of gold catalysis are
the epoxidation of propenes,'*! low-/room-temperature oxi-
dation of CO to CO,,"”! and recently, growth of single- and
multi-walled carbon nanotubes by chemical vapor deposi-
tion.'”131 As a result, nanostructured Au can potentially be
used in place of costly bulk Pt, Pd, and Rh used in
heterogeneous catalysis.

Gold nanofoams have been produced by combustion
synthesis from two different BTA precursors—one surpris-
ingly energetic complex containing three BTA ligands, and
one less-energetic complex containing two BTA ligands and
one aqua ligand bound to the metal center (as determined by
X-ray crystallography). Accordingly the burning rate varies
by almost an order of magnitude between these materials (1.3
vs. 16 cms ™). Nanofoams produced from the two precursors
also contain different concentrations of volatiles. As-pro-
duced, the faster-burning complex yields foams containing
approximately 95 wt% Au as determined by EDAX. The
surface area of these nanofoams was determined by BET
analysis to be 2030 m?>mol ™' (10.9 m?g~") which, as far as we
are aware, is the highest surface area reported for a coherent
form of Au. The slower-burning complex notably yields
nanofoams with bulk density of only 0.057 gcm™ or only
0.3 % relative density—to our knowledge the lowest density
form of coherent gold reported to date. The mechanical
properties of these foams are distinct from other metal
nanofoams we have prepared in that they are remarkably
elastic. Figure 22 shows SEM and TEM images of Au
nanofoams produced from these two complexes.

Electrical conductivity of Au nanofoams can be tailored
by the controlled annealing of impurities out of the foam. The
Au nanofoams were annealed under a flow of 40 sccm
(=cm’min!) of a 6% H, in Ar mixture at 550°C for 4 h.
Two-point probe conductivity measurements of the annealed
foams revealed a conductivity of approximately 150 Qcm™!
for the slow-burning foam but only approximately 5 Qcm™
for the fast-burning foam. Conductivities of the annealed
foams were approximately 10° times higher than the unan-
nealed precursors, perhaps because of an increase in crystal-
linity and removal of non-conductive impurities.

To evaluate the catalytic activity of Au nanofoams,
chemical vapor deposition (CVD) growth of carbon nano-
tubes (CNTs) was attempted. It has been previously demon-
strated that gold nanoparticles can catalyze CVD growth of
CNTs, and so we reasoned that Au nanofoams could
potentially do the same as they contain a large area of
nanosized surface features which, as a result of size effects,
could potentially render the Au catalytically active. CVD
processing was performed using a Lindberg/Blue M electric
clamshell furnace with a 2.54 cm diameter fused quartz
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Figure 22. SEM images of Au foams produced a) from [Au(BTA),-
(NH,) (H,0)]-2H,0 and b, c) from [Au(BTA);(NH,);], both combusted
under 6.89 MPa Ar overpressure; d) TEM image with electron diffrac-
tion pattern of Au nanofoam derived from [Au(BTA);(NH,);] revealing
a fine nanostructure.

process tube. Volatile organic impurities of Au nanofoams
from the fast-burning complex were removed by heating from
room temperature to 750 °C under a flow of 73 sccm He over
the course of 20 min, followed by cooling to room temper-
ature under 925 sccm of He. The annealed foams were then
processed by CVD by ramping to 750°C over the course of
20 min under a flow of 73 sccm He and 400 sccm H,, then
adding a flow of 121 sccm C,H,, waiting 30 min, and finally
cooling to ambient conditions under a flow of 925 sccm of He.
SEM images (Figure 23) revealed larger (ca. 1.5 micron)
struts after annealing compared with unannealed foams.
After CVD, macroscopically visible black tufts ca. 0.5 mm
high could be seen on the otherwise yellow—orange Au
nanofoam monolith. SEM images of the foams revealed high-
yield growth of carbon nanofiber (CNFs) and carbon nano-
tube tufts. Bundles of defective, multi-walled CNTs were

—100 m

Figure 23. Demonstration of catalytic growth of CNTs and CNFs on Au
nanofoam produced from fast-burning AuBTA; complex. a) Macro-
scopic view before (left) and after (right) CNT growth; b) SEM image
of large tuft of CNTs and CNFs; c) higher magnification of CNTs/CNFs
in a tuft; d) CNTs extending directly from struts of the nanofoam.
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found hugging the globular struts of the nanofoams at all
locations on the monolith. To our knowledge, this represents
the first demonstration of high-yield growth of fibrous carbon
nanostructures directly upon a monolithic gold substrate.
Additionally, since the conductivity of Au nanofoams can be
tailored through controlled annealing, this provides a mech-
anism for the growth of CNTs on a conductive substrate with
tailorable electrical conductivity.

4.5.6. Solid-State Conversion of Carbon into CNTs and CNFs

Interestingly, we have found that is also possible to
transform the organic impurities leftover from combustion
synthesis into carbon nanotubes (CNTs) and carbon nano-
fibers (CNFs) through a solid-state process.

Upon exposure of as-produced Co nanofoams to a 63 W
continuous-wave 10.6 um CO, laser in inert atmosphere,
CNTs and CNFs were observed on the nanofoam surface
(Figure 24, top). As the only source of carbon present to
contribute to production of CNTs/CNFs in this process was
carbon from organic impurities in the nanofoam, it appears
that a solid-state transformation of the residual carbon-
containing compounds into carbon nanostructures occurs.
Notably, CNTs/CNFs over 10 um in length result from only
1 s of exposure. Portions of Co nanofoams containing CNT/
CNF growth were easily separated from those exhibiting no
growth by using a magnet: only regions of the foam exposed
to the laser result in growth of CNTs and CNFs and the Co in
these regions is rendered magnetic when the impurities are
removed (transformed into CNTs) while regions not con-
tacted by the laser remain non-magnetic.

Figure 24. Top: Solid-state laser-flash growth of CNTs and CNFs from
carbon impurities on Co foams by 10.6 um laser irradiation. Bottom:
smaller diameter CNTs grown by CVD on annealed Co nanofoam.
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We see this technique as a novel pathway for growing
CNTs on electrically conductive substrates, which is fre-
quently difficult to achieve because of the reactivity of carbon
with metals at the typical temperatures used for CVD growth
of CNTs (usually > 600°C). Since this approach involves only
localized heating, it is interesting to consider if it could be
adapted for use in CMOS-compatible (CMOS = complemen-
tary metal oxide semiconductors) production of CNT-based
vias or transistors (since CVD growth of CNTs typically
occurs well above the melting point of several materials used
in CMOS processing thus precluding CVD processing of
entire CMOS substrates, especially for back-end processing).

Annealed Co nanofoams are also effective catalysts for
CVD growth of CNTs and result in smaller diameter CNTs
than the solid-state laser-flash approach, but in much lower
yield. In a typical experiment, a Co nanofoam is annealed
under a flow of 200 sccm H, at 500 °C for 30 min, after which it
is ramped to 700 °C under a flow of 400 sccm H, and 100 sccm
He. Once at temperature, a flow of 100 sccm C,H, is added to
initiate CNT growth. After 10 min the C,H, and H, are
removed and the nanofoam is cooled to ambient conditions.
CNTs can be found hugging the surface of the nanofoam after
CVD processing (Figure 24, bottom), indicating the presence
of nanosized Co particles throughout the nanofoam that can
serve as seeds for the CNT growth process. Indeed, the
presence of Co nanoparticles is observed by TEM.

4.5.7. Other Applications

Further promising applications of metal nanofoams that
we have investigated include surface-enhanced Raman spec-
troscopy, cold field emission substrates, high-field magnets,
and production of fuel cell anodes using Cu/CeO, nanofoam
for direct oxidation of hydrocarbons. Measurements of the
propensity of metal nanofoams towards catalyzing various
chemical reactions of industrial importance are also under-
way.

5. Summary and Outlook

With the advent of aerogels in the 1930s the field of high-
surface-area nanoporous foams was born, and over the past
two decades this field has been extended to a wide variety of
new substances and morphologies. Finally the frontier of
nanoporous foams includes metals and alloys. Numerous
potential breakthroughs await in the nascent field of NMFs
thanks to the disparate materials properties and chemical
properties they combine.

In this Review, we have presented an overview of the state
of the art in production of nanoporous metal foams as well
potential applications of them. Now that synthetic pathways
for preparing NMFs have been demonstrated, their applica-
tions in the development of technologies including new
nanostructured catalysts, 3D electrochemical energy-storage
architectures, viable hydrogen-storage materials, electromag-
netic composites, and lightweight structural materials can be
explored. The most promising techniques for producing
NMFs demonstrated thus far appear to be the nanosmelting
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technique of Leventis and combustion synthesis employing
MBTA complexes. These two approaches offer production of
true nanoporous materials, the possibility to extend the
approach to most metals, and potential for scalability. With
further refinement, numerous other techniques may also
become viable. Lessons learned in the development of these
two platforms may also aid in inspiring new synthetic
pathways for the production of NMFs.

Significant work remains be done to characterize the
catalytic propensity and electrochemical activity of NMFs and
to understand how these nanoarchitectures are like and
unlike nanoparticulate and bulk metals. Development of
methods for controlling porosity over nano, micro, and macro
length scales and strategies for controlling monolithicity will
be important for maximizing the potential of NMFs for
technological applications. Characterization of the mechan-
ical behavior of NMFs will be important for assessing the
potential of using NMFs in ultralightweight structures and
impact dissipation media. Characterization of thermal and
electrical transport will be important for energy-storage
applications.

Combustion synthesis of MBTA complexes has proven to
be a flexible, general approach for the formation of a wide
range of nanoporous metal foams of a large number of metals
of varying chemistries. Unlike many other techniques used in
the preparation of porous metals, combustion synthesis
combined with simple post-combustion heat treatments
enables the production of metallically pure NMFs. Addition-
ally, nanofoams produced by combustion synthesis can be
derivatized without losing structural integrity. Post-processing
techniques can be performed to improve strength, increase
surface area, and promote phase changes, capabilities that are
valuable for production of nanoporous alloys where control
over grain size and crystallographic phase are important.
While the general approach for preparing NMFs of essentially
any transition- or main-group-metal through combustion
synthesis of MBTA complexes has already been outlined,
many MBTA complexes have yet to be synthesized and
characterized. Understanding the energetic behavior of these
complexes will be important for achieving the full potential of
the approach, for example, to produce nanofoams of alloys,
such as stainless steel and amorphous metal. More advanced
BTA complexes containing bridging metal atoms, multiple
different metal atoms, and combinations of non-energetic and
energetic ligands, for example, may enable additional com-
positions and morphologies of NMFs not yet achieved.
Furthermore, it is reasonable to speculate that there are
other energetic ligands that exhibit a “Goldilocks effect”
similar to BTA which could be used to facilitate additional
degrees of freedom in nanofoam combustion synthesis.

This said, no viable pathways for preparing NMFs of
alkali- or alkaline-earth-metals currently exist. Synthetic
strategies for preparing NMFs of Li, for example, would be
valuable for the battery industry. Likewise, Mg NMFs would
be valuable for production of lightweight alloys, efficient
Grignard reagents, and explosives. Development of new
pathways for preparing NMFs will be required to access these
compositions.
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Innovation and accident seem to go hand-in-hand in this
age of nano as we strive to understand nature’s length-scale
peculiarities. And as brute-force approaches fail us (and we
continue hammering away at them despite), elegant and
unsuspecting pathways can pop up somewhere else, staring us
straight in the eye while we label them as process bugs and
unintended results. We take the unintended discovery of
combustion synthesis of metal nanofoams as a preparatory
lesson that breakthrough technologies lay all around us if we
are willing to remain vigilant and open-minded in our
interpretation of nature’s responses to our queries—a useful
reminder as we plow forth to reveal the potential of this
exciting new frontier of materials.
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