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a b s t r a c t

We show a low temperature gas-phase synthesis route to produce faceted aluminum crystals in the

aerosol phase. Use of triisobutylaluminum whose decomposition temperature is below the melting

point of elemental aluminum enabled us to grow nanocrystals from its vapor. TEM shows both

polyhedral crystalline and spherical particle morphologies, but with the addition of an annealing

furnace one can significantly enhance the production of just the polyhedral particles. The results on

surface passivation with oxygen suggest that these nanocrystals are less pyrophoric than the

corresponding spherical aluminum nanoparticles, and combustion tests show an increase in energy

release compared to commercial nanoaluminum.

& 2010 Elsevier B.V. All rights reserved.

1. Introduction

Metal/oxidizer combinations are being studied as energetic
materials due to their high total energy content compared to
CHNO based materials [1]. The high energy density of metals
make them useful for propellant applications where a large rapid
energy release is desired [2]. Though bulk aluminum has very
high energy density for oxidation of alumina, problems arise for
energetic applications because the kinetics are diffusion limited
between oxidizer and aluminum. This is partially mitigated by
going to smaller particles sizes in order to increase the surface to
volume ratio of the aluminum particle. Decreasing particle size
to the nanometer range yields a substantial increase in the surface
area compared to the particles of micron size and can substan-
tially increase reaction rate. Almost all reactive metals for
example become pyrophoric for particles under 100 nm.

Nanoaluminum is by far the most important reactive metal
due to its high heat of reaction to the oxide, and its low material
cost. Park et al. [3] explored several methods for the production of
nanoaluminum in aerosol form. Al was evaporated from solid
pellets via the DC-arc discharge method that created nanoparti-
cles upon quenching with argon gas. A second method used laser
ablation to create a local microplasma on aluminum pellets that
again yielded nanoparticles after an argon quench. Exploding wire
has also been extensively employed for gas-phase production of
nanoaluminum [4–7]. This technique uses a high density current

pulsed through an Al wire to create a microplasma, which yields
ultrafine aluminum after a quench. Sindhu et al. [8] combined
experimental and modeling studies to fully characterize the
explosive Al wire process. Anderson and Foley. [9] investigated
gas atomization reaction synthesis (GARS) for Al, a powder
production technique where the molten metal is atomized in an
environment of ultrahigh purity inert gas. This allows for the
growth of an extremely thin oxide coating on the Al product
compared to particles made from commercial air atomization
(CAA) or commercial inert gas atomization (CIGA).

These methods while seeming to be very different all
essentially involve very high temperature evaporation of ele-
mental aluminum followed by a rapid quench. Not surprising,
then, that these methods tend to produce similar types of
polycrystalline particles with primary particle sizes less than
�50 nm, that are highly aggregated.

Low temperature routes have been successfully developed for
decomposition of aluminum compounds in solution. Jouet et al.
[10] catalytically decomposed in liquid phase H3Al �NMe3 in
organic solvents under inert gas. The bare nanoaluminum product
was then surface passivated with a perfluoroalkyl carboxylic acid
self-assembled monolayer to prevent oxidation. Other successful
liquid phase production methods include reaction of LiAlH4 with
AlCl3 [11], hydrogenolysis of (AlCpn)4 [12], thermal decomposition
of alane N,N-dimethylethylamine [13], and several other
techniques.

In this paper we explore a low temperature gas-phase route,
through the use of a metal organic precursor that has a
decomposition temperature below the melting point of alumi-
num, as a means to more carefully control the nucleation and
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growth of nanoaluminum. We will demonstrate that thermal
decomposition of triisobutylaluminum (TiBAl), under the appro-
priate time/temperature histories, can generate highly faceted
nanocrystals of aluminum. These materials are then tested for
their reactivity relative to conventional nanoaluminum.

2. Experimental approach

Our choice of precursor was specifically targeted to create
vapor phase reaction products containing aluminum or elemental
aluminum below the melting point of aluminum (660 1C) so that
particle growth occurs at or near a solid like state.

TiBAl was chosen as the precursor due to its relatively low
decomposition temperature. Previous work on chemical vapor
deposition has shown that TiBAl can be decomposed at tempera-
tures in the range of 250 1C to deposit thin films of aluminum
with little carbon contamination [14–16]. This low decomposition
temperature and its relatively high vapor pressure are both highly
desirable properties for scale-up of aluminum production in large
quantities. The mechanism of TiBAl decomposition also has been
explored in the previous CVD work and involves deposition on the
substrate, b-hydride elimination, and finally liberation of iso-
butylene and hydrogen, leaving elemental aluminum on the
substrate. Due to the substrate’s role in b-hydride elimination, it
is not clear whether the mechanism and energetics for gas-phase
aluminum production will be comparable. However, our efforts
with triethylaluminum as the precursor yielded incomplete
decomposition, suggesting that isobutylene is a better leaving
group than ethylene, and thus further supporting b-hydride
elimination mechanism.

3. Experimental setup

The synthesis scheme involves a continuous flow aerosol
reactor. The precursor delivery system consists of a heated
stainless steel bubbler filled with the liquid TiBAl precursor,
through which a mass-flow metered argon flow is bubbled.
Temperature control is monitored with a thermocouple placed in
a thermowell built into the bubbler. Typical operating conditions
of flow rate and temperature are presented in Table 1. Assuming
complete vapor saturation of the argon flow based on the known
vapor pressure of TIBAl the expected aluminum production rates
are shown in Table 1.

Though increasing bubbler temperature by only 10 1C yields a
substantial increase in theoretical production rate, temperatures
were not raised above 70 1C to avoid any significant decomposi-
tion of the precursor [17].

Since both the precursor and the aluminum nanoparticle
product are highly air and water sensitive, the flow train was
valved so as to allow flushing with argon prior to and after each
experiment. The entire flow train was heat jacketed to prevent
any condensation of the precursor prior to the flow reactor. The
synthesis system consists of two reactors in series, with 1 and
1/2 in. diameter quartz tubes, respectively, each heated within
15.5 in. tube furnaces. Experiments with a flow rate of 3 lpm

through the first reactor yield a residence time of 4.0 s, while a
flow rate of 1.5 lpm through the second reactor after a dump gives
a residence time of 2.0 s. The use of a second furnace was found to
be a necessary condition to maximize the fraction of nanocrystals,
relative to spherical nanoparticles.

A schematic representation of the experimental setup is shown
in Fig. 1. Particles exiting the reactor were collected on Sterlitech
47 mm polypropylene membrane filters with a pore size of
200 nm in a Millipore stainless steel filter holder. Since the
particles produced are oxygen free they were highly reactive. To
harvest the particles on the filters for characterization we
carefully bled in air so as to create a 1–3 nm oxide passivation
shell on the particles. Product aerosol was also electrostatically
deposited onto TEM grids for characterization. Size distribution
measurements on the aerosol were obtained with a scanning
mobility particle sizer (SMPS).

4. Results

Initial experiments with one reactor at 350 1C, an argon
flow rate of 3 lpm, and a bubbler temperature of 60 1C produced
a gray powder at the reactor outlet. Inspection of these particles
via transmission electron microscopy with the JEOL JEM 2100F
TEM/STEM showed two particle morphologies: spherical and
polyhedral. Increasing the reactor temperature to 500 1C yielded
primarily spherical particles. The final setup consisted of the first
furnace at 350 1C with a flow rate of 3 lpm, and the second
furnace for annealing at 500 1C with a flow rate of 1.5 lpm. This
system produced mostly polyhedral particles as seen in Fig. 2,
along with the results from the other two runs.

The images display particles of polyhedral structure with
diagonal distances ranging from 50 to 100 nm as well as smaller
spherical particles with diameters ranging from 25 to 50 nm.
Spherical and polyhedral particles were counted from TEM
images for the reaction conditions shown in Fig. 2(a) and (c) in
order to compare the results. The single-furnace experiment at
350 1C and an Ar flow of 3 lpm yielded 46.6% polyhedral particles,
whereas the two-furnace setup significantly raised the count
to 92.0%.

To investigate the composition of the polyhedral particles, high
resolution imagery and energy dispersive spectrometry (EDS)
were employed, as shown in Fig. 3.

The high resolution images show the crystalline phase in the
middle of the particle as well as an amorphous coating of �4 nm.
Line spacing measurements of 0.228 nm in the crystalline phase
are consistent with the literature value of 0.233 nm for /1 1 1S
crystalline aluminum. To confirm, diffraction patterns and EDS
line scans were obtained for the product and are shown in
Figs. 4 and 5.

The line scan of a polyhedral particle exhibits a clear peak of
aluminum, no rise in carbon intensity, and a slight increase of
oxygen intensity at the edges of the particle. The experimental
diffraction pattern shows clear diffraction rings, with the first
three ring diameters from the center yielding lattice spacings of
0.239, 0.201, and 0.143 nm, respectively. These match with
crystalline aluminum lattice distances of 0.233, 0.203, and
0.143 nm for the /1 1 1S, /2 0 0S, and /2 2 0S planes, respec-
tively. This information combined with the measurements from
the high resolution image leads to the conclusion that the
polyhedral particles are crystalline aluminum with an amorphous
aluminum oxide coating. This same particle morphology was
previously shown by Haber and Buhro [11] during the production
of nanoAl by decomposition of aluminum containing compounds
in solution. However, the previous work yielded polyhedral
particles only as a small fraction of the product, whereas here

Table 1
Theoretical production rates for TiBAl decomposition.

Flow (lpm) T (1C) Vp (Pa) TiBAl (mg/h) Al (mg/h)

1.5 50 122.6 815.1 110.9

60 281.3 1813.5 246.6

70 439.9 2753.4 374.5
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Fig. 2. TEM image of Al particles produced from three different setups: (a) one furnace 350 1C Ar flow 3 lpm; (b) one furnace 500 1C Ar flow 3 lpm; and (c) furnace 1

at 350 1C Ar flow 3 lpm and furnace 2 at 500 1C Ar flow 1.5 lpm.

Fig. 3. High resolution TEM images of rectangular particle show a �4 nm oxide shell formed during the air bleed.

Fig. 1. Schematic representation of aerosol synthesis system of aluminum nanocrystals.
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they are the major component. The key to production of mainly
polyhedral crystalline particles is the addition of the second
furnace to allow the spherical particles to anneal and grow in the
crystal phase.

The spherical particles seen in Fig. 2(a) and (b) were originally
hypothesized to be amorphous carbon contamination particles
that had formed during the cracking of TiBAl. However, attempts
at carbon reduction by hydrogen addition at concentrations
of up to 10 mass% showed no discernable effect. High resolution
images and EDS line scans of the spherical particles are shown in
Figs. 6 and 7.

The high resolution image in Fig. 6 shows a mostly amorphous
character. The line scan in Fig. 7 confirms that it is aluminum
oxide with little carbon contamination. Since oxygen is not
available to the particles until the outlet of the production system,
it can be concluded that these small spherical aluminum particles
are extremely reactive and that even with our oxygen bleed they
have in most cases fully reacted with oxygen upon exposure.
There are still parts in the core of some of these particles that
remain unreacted aluminum, causing crystal lattice lines in the
high resolution images. This could be an indication that these

spherical particles were pure aluminum before exposure and
reaction with oxygen. When process conditions were changed
to yield mostly spherical particles, the resulting samples
burned completely upon exposure, even after the slow air bleed.
Samples produced with mostly polyhedral crystalline particles,
however did not burn upon exposure after the bleed. This
suggests that these crystals have higher stability than the
spherical particles.

In order to further investigate the reactivity of the polyhedral
crystalline particles, samples were combined with stoichiometric
CuO and burned in a pressure cell; a closed stainless steel
chamber with ports connected for measurement of optical and
pressure response during combustion. The resulting optical
response is compared to a response from commercial alumi-
num/CuO in Fig. 8. The commercial aluminum, obtained from
Argonide Corporation, has average diameter �50 nm and con-
tained �70% unreacted aluminum as determined by TGA.

The broader peak for the synthesized aluminum suggests that
either the polyhedral crystalline particles ignite at a higher
temperature after the spherical particles in the sample have
started burning or the polyhedral particles actually have longer

Fig. 4. EDS line scan of polyhedral particle comparing aluminum, oxygen, and carbon intensities for particles deposited on a Ni grid with SiO/SiO2 film.

Fig. 5. X-ray diffraction image of polyhedral crystalline particle sample. Fig. 6. High resolution TEM image of a spherical particle.
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burn times than standard nanoaluminum. This result is consistent
with the previous observation that the polyhedral crystal particles
were not as pyrophoric as spherical particles produced with our
system. The enhanced stability of these particles can be attributed
to the higher surface binding energy for molecules on a flat
surface compared to that of a curved surface due to the Kelvin
effect [18].

Pressure response from these experiments showed a max-
imum pressure rise of 166 psi for the synthesized Al compared to
a value of 116 psi for commercial product, both with similar rise
times. The polyhedral particles thus yield a significant enhance-
ment in reactivity. This information combined with the optical
and experimental observations lead to the conclusions that we
have produced polyhedral nanoaluminum particles with both
enhanced stability and increased energy release.

Thermal gravimetric analysis (TGA) under air was employed to
further scrutinize polyhedral particle samples, specifically to
determine the remaining active aluminum content after particles

had formed an oxide shell. Resulting mass measurement is shown
in Fig. 9 as temperature is raised to 1200 1C at 10 1C/min then held
for 30 min.

The results show an active Al content of �64%, a value slightly
lower but comparable to the 70% content measured for commer-
cial nanoAl in TGA. This latter point probably has more to do with
optimization, bringing the particle up to ambient conditions by
controlled air bleeding, something we did not investigate in the
work. Despite the apparent increase in oxygen content we still
observe enhanced energy release upon reaction with CuO.

In-line size distributions of the aerosol aluminum product
measured using a scanning mobility particle sizer yields a
concentration of �3�107 particles/cm3, with a standard deviation
of 1.6, and a geometric mean of 170 nm. However, this is a measure
of aggregate size distributions and will change with particle
concentration and residence time. To measure crystallite size we
used TEM to create a histogram of sizes. This approach yielded a
distribution with average primary particle size of �87 nm and a

Fig. 7. EDS line scan of spherical particle comparing aluminum (red), oxygen (green), and carbon (blue) intensities for particles deposited on a Ni grid with SiO/SiO2 film.

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Optical response from combustion of commercial (black) and synthesized (gray) aluminum with stoichiometric CuO in pressure cell test.
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standard deviation of 33 nm. Due to the polyhedral shape of the
particles, diagonal distances were used as the descriptive size
measurement for each particle. Since the TEM grids are open to air
after collection, this distribution is for aluminum particles that have
formed a thin aluminum oxide coating.

5. Conclusions

A low temperature gas-phase pyrolysis of TiBAl was used to
produce phase pure bare aluminum aerosol nanocrystals. TEM
shows both polyhedral crystalline and spherical particle morpho-
logies, but addition of an annealing furnace allows for production
of primarily polyhedral crystals. These particles form a �4 nm
oxide shell after exposure to air, and combustion studies lead to
the conclusions that these polyhedral nanoaluminum particles
have both enhanced stability and increased energy release.
Though the bare nanoaluminum in these experiments was
passivated with oxygen, this system could easily be coupled with
other systems to coat the bare aluminum with other materials for
specific energetic applications.
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Fig. 9. TGA oxidation in air for synthesized Al sample.
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