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AEOSOL, SYNTHESIS OF FACETED 
ALUMNUMINANOCRYSTALS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This application claims the benefit of priority to U.S. 
Provisional Patent Application Ser. No. 61/534,638, filed on 
Sep. 14, 2011, which is incorporated by reference in its 
entirety. 

STATEMENT OF GOVERNMENT SUPPORT 

This invention was made with government Support under 
N0001407 10264 and HDTRA107.10020 awarded by the 
Office of Naval Research and the Defense Threat Reduction 
Agency, respectively, and is jointly owned by the United 
States of America as represented by the Secretary of the 
Navy. The government has certain rights in the invention. 

TECHNICAL FIELD 

The present disclosure relates to aluminum particles and 
methods for the preparation thereof. 

TECHNICAL BACKGROUND 

Combinations of metals and oxidizers are of interest as 
energetic materials due to their high energy content. The 
high energy density of Such materials can make them useful 
in, for example, propellant applications, where rapid energy 
release is desired. While aluminum has a high energy density 
for oxidation to alumina, the oxidation of bulk aluminum 
materials is diffusion limited. Utilizing small particle size 
aluminum materials, which have a higher Surface to volume 
ratio, can provide improvements in Surface area and reaction 
rate. Nanosized aluminum materials can be especially reac 
tive due to the high heat of reaction from aluminum to 
alumina. 

Various methods to prepare nanosized aluminum materi 
als have been explored, but such traditional methods typi 
cally include a high temperature evaporation step and pro 
duce similar types of highly aggregated polycrystalline 
particles. 
Low temperature solution methods have been developed 

based on the decomposition of aluminum compounds, but a 
need exists for low temperature gas phase methods for the 
production of energetic nanosized aluminum materials. This 
need and other needs are satisfied by the compositions and 
methods of the present disclosure. 

SUMMARY 

In accordance with the purpose(s) of the invention, as 
embodied and broadly described herein, this disclosure, in 
one aspect, relates to aluminum particles and methods for 
the preparation thereof. 

In one aspect, the present disclosure provides a method 
for preparing nanosized aluminum particles, the method 
comprising heating a vapor phase aluminum precursor at a 
temperature and for a period of time sufficient to convert at 
least a portion of the vapor phase aluminum precursor to 
nanosized aluminum particles. 

In another aspect, the present disclosure provides faceted 
nanosized aluminum particles having improved stability 
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2 
and/or enhanced energy release, as compared to conven 
tional nanosized aluminum particles. 

BRIEF DESCRIPTION OF THE FIGURES 

The accompanying figures, which are incorporated in and 
constitute a part of this specification, illustrate several 
aspects and together with the description serve to explain the 
principles of the invention. 

FIG. 1 illustrates a schematic of an exemplary of an 
aerosol synthesis system for the preparation of aluminum 
nanocrystals, in accordance with various aspects of the 
present disclosure. 

FIG. 2 illustrates transmission electron micrographs of 
aluminum particles prepared from: a) a single tube furnace 
at 350° C. with a 3 lpm flow rate of argon, b) a single tube 
furnace at 500° C. with a 3 lpm flow rate of argon, and c) a 
first tube furnace at 350° C. with a 3 lpm flow rate of argon 
and a second tube furnace at 500° C. with 1.5 lpm flow rate 
of argon, in accordance with various aspects of the present 
disclosure. 

FIG. 3 illustrates high resolution transmission electron 
micrographs of rectangular aluminum particles having about 
a 4 nm oxide shell formed during an air bleed, in accordance 
with various aspects of the present disclosure. 

FIG. 4 illustrates energy dispersive X-ray spectroscopy 
data of a polyhedral aluminum particle, comparing alumi 
num, oxygen, and carbon intensity, in accordance with 
various aspects of the present disclosure. 

FIG. 5 illustrates an X-ray diffraction image of a polyhe 
dral crystalline aluminum particle, prepared in accordance 
with various aspects of the present disclosure. 

FIG. 6 illustrates a high resolution transmission electron 
micrograph of a spherical aluminum particle, in accordance 
with various aspects of the present disclosure. 

FIG. 7 illustrates energy dispersive X-ray spectroscopy 
data of a spherical aluminum particle, comparing aluminum, 
oxygen, and carbon intensity, in accordance with various 
aspects of the present disclosure. 

FIG. 8 compares the optical response from the combus 
tion of inventive and commercially available aluminum 
particles combined with CuO, in accordance with various 
aspects of the present disclosure. 

FIG. 9 illustrates thermogravimetric analysis results for 
aluminum particles prepared in accordance with various 
aspects of the present disclosure. 

Additional aspects of the invention will be set forth in part 
in the description which follows, and in part will be obvious 
from the description, or can be learned by practice of the 
invention. The advantages of the invention will be realized 
and attained by means of the elements and combinations 
particularly pointed out in the appended claims. It is to be 
understood that both the foregoing general description and 
the following detailed description are exemplary and 
explanatory only and are not restrictive of the invention, as 
claimed. 

DESCRIPTION 

The present invention can be understood more readily by 
reference to the following detailed description of the inven 
tion and the Examples included therein. 

Before the present compounds, compositions, articles, 
systems, devices, and/or methods are disclosed and 
described, it is to be understood that they are not limited to 
specific synthetic methods unless otherwise specified, or to 
particular reagents unless otherwise specified, as Such can, 
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of course, vary. It is also to be understood that the termi 
nology used herein is for the purpose of describing particular 
aspects only and is not intended to be limiting. Although any 
methods and materials similar or equivalent to those 
described herein can be used in the practice or testing of the 
present invention, example methods and materials are now 
described. 

All publications mentioned herein are incorporated herein 
by reference to disclose and describe the methods and/or 
materials in connection with which the publications are 
cited. 

Unless defined otherwise, all technical and scientific 
terms used herein have the same meaning as commonly 
understood by one of ordinary skill in the art to which this 
invention belongs. Although any methods and materials 
similar or equivalent to those described herein can be used 
in the practice or testing of the present invention, example 
methods and materials are now described. 
As used herein, unless specifically stated to the contrary, 

the singular forms “a,” “an and “the include plural refer 
ents unless the context clearly dictates otherwise. Thus, for 
example, reference to “a filler' or “a gas includes mixtures 
of two or more fillers, or gases, respectively. 

Ranges can be expressed herein as from “about one 
particular value, and/or to “about another particular value. 
When such a range is expressed, another aspect includes 
from the one particular value and/or to the other particular 
value. Similarly, when values are expressed as approxima 
tions, by use of the antecedent “about, it will be understood 
that the particular value forms another aspect. It will be 
further understood that the endpoints of each of the ranges 
are significant both in relation to the other endpoint, and 
independently of the other endpoint. It is also understood 
that there are a number of values disclosed herein, and that 
each value is also herein disclosed as “about that particular 
value in addition to the value itself. For example, if the value 
“10' is disclosed, then “about 10” is also disclosed. It is also 
understood that each unit between two particular units are 
also disclosed. For example, if 10 and 15 are disclosed, then 
11, 12, 13, and 14 are also disclosed. 
As used herein, the terms “optional or “optionally' 

means that the Subsequently described event or circumstance 
can or can not occur, and that the description includes 
instances where said event or circumstance occurs and 
instances where it does not. 
As used herein, the terms "nano' or "nanosized' is 

intended to refer to particles or materials having an average 
particle size of from about 0.01 nanometers to about 1,000 
nanometers, or from about 1 nanometer to about 1,000 
nanometers, unless specifically stated to the contrary. In 
other aspects, such terms are intended to refer to materials 
typically classified as nanosized materials and can have 
particle sizes less than or greater than any particular value 
and/or range recited herein. It should also be understood that 
the particle size for powdered and/or particulate materials 
can be a distributional property, and that any individual or 
group of particles can exhibit particle sizes below and/or 
above the average value. 

Disclosed are the components to be used to prepare the 
compositions of the invention as well as the compositions 
themselves to be used within the methods disclosed herein. 
These and other materials are disclosed herein, and it is 
understood that when combinations, Subsets, interactions, 
groups, etc. of these materials are disclosed that while 
specific reference of each various individual and collective 
combinations and permutation of these compounds can not 
be explicitly disclosed, each is specifically contemplated and 
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4 
described herein. For example, if a particular compound is 
disclosed and discussed and a number of modifications that 
can be made to a number of molecules including the 
compounds are discussed, specifically contemplated is each 
and every combination and permutation of the compound 
and the modifications that are possible unless specifically 
indicated to the contrary. Thus, if a class of molecules A, B, 
and Care disclosed as well as a class of molecules D, E, and 
F and an example of a combination molecule, A-D is 
disclosed, then even if each is not individually recited each 
is individually and collectively contemplated meaning com 
binations, A-E, A-F B-D, B-E, B-F, C-D, C-E, and C-F are 
considered disclosed. Likewise, any Subset or combination 
of these is also disclosed. Thus, for example, the Sub-group 
of A-E, B-F, and C-E would be considered disclosed. This 
concept applies to all aspects of this application including, 
but not limited to, steps in methods of making and using the 
compositions of the invention. Thus, if there are a variety of 
additional steps that can be performed it is understood that 
each of these additional steps can be performed with any 
specific embodiment or combination of embodiments of the 
methods of the invention. 

Each of the materials disclosed herein are either commer 
cially available and/or the methods for the production 
thereof are known to those of skill in the art. 

It is understood that the compositions disclosed herein 
have certain functions. Disclosed herein are certain struc 
tural requirements for performing the disclosed functions, 
and it is understood that there are a variety of structures that 
can perform the same function that are related to the 
disclosed structures, and that these structures will typically 
achieve the same result. 
As briefly described above, the present disclosure pro 

vides nanosized aluminum materials and methods for the 
preparation thereof. In one aspect, the present disclosure 
provides faceted aluminum crystals and methods for the 
preparation thereof. In another aspect, Such methods can 
comprise the use of an organoaluminum compound, Such as, 
for example, triisobutylaluminum (TiBA1). In one aspect, 
Such an organoaluminum compound can have a decompo 
sition temperature below the melting point of elemental 
aluminum. In another aspect, the nanosized aluminum mate 
rials can comprise polyhedral crystalline aluminum par 
ticles, spherical aluminum particles, or a combination 
thereof. In other aspects, the use of an annealing furnace can 
facilitate the production of polyhedral aluminum particles. 
In another aspect, the nanosized aluminum particles 
described herein can exhibit less pyrophoric activity than 
corresponding nanosized spherical aluminum particles. In 
yet another aspect, the nanosized aluminum particles 
described herein can exhibit an increase in energy release 
under combustion tests, as compared to commercially avail 
able nanosized aluminum materials. In another aspect, the 
methods described herein comprise low temperature gas 
phase methods. In another aspect, Such methods can provide 
for the ability to control the nucleation and growth of 
nanosized aluminum particles, for example, to provide 
highly faceted nanosized crystals of aluminum. 
As described above, combinations of metals and oxidizers 

are of interest due to their high energy content, especially as 
compared to conventional CHNO materials. Metals, such as 
aluminum, are of particular interest due to their high energy 
density for oxidation, but in bulk form, the oxidation of such 
metals is diffusion limited. To mitigate diffusion limited 
kinetics, Small particle size materials can be used, increasing 
the surface to volume ratio of the material. The resulting 
increase in Surface area, for example, in going from microm 
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eter sized particles to nanometer sized particles, can lead to 
Substantial increases in oxidation reaction rates. In one 
aspect, almost all reactive metals can be pyrophoric when 
particle sizes are reduced to less than about 100 nanometers. 

Aerosol methods for the preparation of nanosized alumi 
num particles have been explored, wherein solid pellets of 
aluminum were evaporated using a DC-arc discharge that 
created nanosized particles upon quenching with argon gas. 
Other methods using laser ablation to generate a 
microplasma have also been explored. Similarly, exploding 
wire has been utilized for the production of nanosized 
aluminum particles, wherein a high density current is pulsed 
through an aluminum wire to create a microplasma, yielding 
fine aluminum particles when quenched. Each of these 
methods to prepare nanosized aluminum particles involves 
the high temperature evaporation of elemental aluminum, 
followed by a rapid quench. Such methods also produce 
similar types of highly aggregated polycrystalline particles. 
Low temperature solution based methods based on the 

decomposition of aluminum compounds have also been 
explored, including the catalytic decomposition of 
HA1.NMe in organic solvents. The resulting bare alumi 
num can be surface passivated with a self assembled mono 
layer of perfluoroalkyl carboxylic acid to prevent oxidation. 
Other solution based methods are based on the reaction of 
LiAlH4 with AlCls, hydrogenolysis of (A1Cp*), thermal 
decomposition of Alane N.N-Dimethylethylamine, and 
other similar techniques. 

To date, no low temperature gas phase methods have been 
developed for the preparation of nanosized aluminum par 
ticles. The present disclosure provides various low tempera 
ture gas phase methods for the production of such materials. 
Aluminum Precursor 
The aluminum precursor of the present disclosure can 

comprise any aluminum containing material Suitable for use 
with the methods described herein. In one aspect, the 
aluminum precursor comprises an organoaluminum com 
pound. In another aspect, the aluminum precursor has a 
decomposition temperature less than the melting point of 
elemental aluminum (i.e., 660° C.). In yet another aspect, the 
aluminum precursor is capable of reacting in the vapor phase 
to produce products containing aluminum and/or elemental 
aluminum. In a similar aspect, upon heating to a temperature 
sufficient to at least partially crack or breakdown the alu 
minum precursor, all or Substantially all carbonaceous by 
products remain in the gaseous phase and can pass through 
a filtration medium. In yet another aspect, the aluminum 
precursor exhibits a high vapor pressure. In one aspect, the 
aluminum precursor can comprise triethylaluminum. In 
another aspect, the aluminum precursor can comprise tri 
isobutylaluminum (TiBA1), commonly used in the produc 
tion of alcohols and olefins, available from Sigma-Aldrich 
Corp., St. Louis, Mo., USA. 

In one aspect, TiBA1 can exhibit a high vapor pressure and 
can decompose at about 250° C. While not wishing to be 
bound by theory, it is believed that the decomposition of 
TiBA1 includes B-hydride elimination followed by liberation 
of isobutylene and hydrogen, resulting in the formation of 
elemental aluminum. In one aspect, the aluminum precursor, 
for example, TiBA1, can be provided and/or used neat. In 
other aspects, an organoaluminum compound can be pro 
vided and/or used in a monomer form, a dimer form, or a 
combination thereof. 
Gas Phase Reactor 
The apparatus and equipment used in the methods of the 

present invention can comprise any apparatus and equip 
ment Suitable for the preparation of aluminum materials 
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6 
using low temperature gas phase techniques. In one aspect, 
the methods described herein utilize a gas phase reactor, 
Such as, for example, a continuous flow aerosol reactor. In 
one aspect, all or a portion of the system can comprise a 
non-reactive material. In another aspect, the connective 
tubing and valves can comprise stainless steel. 

In one aspect, an aluminum precursor can be disposed in 
a container for Subsequent delivery to a furnace. In various 
aspects. Such a container can comprise any material capable 
of holding the aluminum precursor. In one aspect, the 
container is not reactive with the aluminum precursor. In one 
aspect, such a container can comprise stainless steel. In 
another aspect, Such a container can comprise glass. In 
another aspect, the aluminum precursor can be stored under 
an inert atmosphere. Such as, for example, argon. In one 
aspect, a blanket of inert gas can be maintained over the 
Surface of the aluminum precursor. In another aspect, the 
aluminum precursor or a portion thereof can be sparged with 
an inert gas. In a specific aspect, the aluminum precursor can 
be disposed in a bubbler, through which a metered flow of 
argon is bubbled. In yet another aspect, the container in 
which all or a portion of the aluminum precursor is disposed 
can be heated. In one aspect, the aluminum precursor can be 
heated to a temperature below its decomposition tempera 
ture. In various aspects, the aluminum precursor can be 
heated to about 40°C., about 50° C., about 60° C., about 70° 
C., about 80°C., or about 90° C. In one aspect, heating the 
aluminum precursor can increase the production rate of 
nanosized aluminum particles. It should be noted that higher 
temperatures can potentially lead to decomposition of at 
least a portion of the aluminum precursor. Thus, in one 
aspect, the aluminum precursor can be heated to a tempera 
ture sufficient to improve the production rate of aluminum 
materials, but below that where substantial decomposition of 
the aluminum precursor can occur. 

In one aspect, the temperature of the aluminum precursor 
can be maintained using a temperature control system, Such 
as a thermocouple placed in a thermowell built into the 
container. 

In one aspect, the aluminum precursor and/or the resulting 
nanosized aluminum material can be reactive and/or sensi 
tive to air and/or water. In Such an aspect, one or more valves 
can be positioned within the system to maintain an inert 
atmosphere and prevent the introduction of air or water. In 
one aspect, Such a valved system can allow flushing with an 
inert gas, such as, for example, argon, prior to and/or after 
each production run. In another aspect, all or a portion of the 
apparatus can be heated and/or jacketed so as to reduce or 
prevent condensation of the precursor within the reactor 
system. In one aspect, all or a portion of the system can be 
heated to and/or maintained at a temperature Sufficient to 
prevent condensation of the vapor phase aluminum precur 
sor. In another aspect, all or a portion of the system can be 
heated to and/or maintained at at temperature equal to or 
higher than that of the container in which the aluminum 
precursor material is placed. In still other aspects, all or a 
portion of the system can be heated to or maintained at a 
temperature up to about 85°C., for example, about 40, 45, 
50, 55, 60, 65, 70, 75, 80, or 85° C. 
The aluminum precursor can be introduced in the vapor 

phase to a heated reaction Zone capable of decomposing all 
or a portion of the aluminum precursor into a desirable 
nanosized aluminum material. In one aspect, a flow of inert 
gas can be passed through the aluminum precursor, as 
described above, so as to carry a portion of the aluminum 
precursor in the vapor phase to the heated reaction Zone. In 
other aspects, a pressure differential between the inlet and 
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outlet of the reactor system can be established so as to 
convey vapor phase aluminum precursor through the sys 
tem. In yet another aspect, the flow rate of aluminum 
precursor through the heated reaction Zone can be controlled 
So as to produce nanosized aluminum particles having a 
desired particle size. In another aspect, one or more addi 
tional gases can be introduced prior to or in the heated 
reaction Zone so as to adjust the flow rate and/or concen 
tration of aluminum precursor. In one aspect, the flow rate of 
aluminum precursor into the heated reaction Zone can be 
from about 1 liters per minute (1pm) to about 4 lpm, for 
example, about 1, 1.25, 1.5, 1.75, 2, 2.25, 2.5, 2.75, 3, 3.25, 
3.5, 3.75, or 4 lpm; or from about 2 lpm to about 4 lpm, for 
example, about 2, 2.25, 2.5, 2.75, 3, 3.25, 3.5, 3.75, or 4 lpm. 
In another aspect, the flow rate of aluminum precursor into 
the heated reaction Zone can be about 3 lpm. 

In another aspect, the residence time of the vapor phase 
aluminum precursor in the heated reaction Zone can be from 
about 1 to about 10 seconds, for example, about 1, 2, 3, 4, 
5, 6, 7, 8, 9, or 10 seconds; or from about 2 to about 6 
second, for example, about 2, 3, 4, 5, or 6 seconds. In 
another aspect, the residence time of the vapor phase alu 
minum precursor in the heated reaction Zone can be about 4 
seconds. 

In one aspect, the heated reaction Zone can comprise a 
furnace, such as, for example, a tube furnace. In another 
aspect, the heated reaction Zone is closed so as to prevent the 
introduction of air and/or water into the system. In a specific 
aspect, the heated reaction Zone comprises a tube furnace 
having, for example, a quartz tube. The length and diameter 
of Such a tube can be any dimensions Suitable for use in 
preparing a desired nanosized aluminum material. In various 
aspects, a tube furnace can be about 15.5 inches long and 
utilize a quartz tube having a diameter of from about 0.5 
inches to about 2 inches, for example, about 0.5, 0.75, 1. 
1.25, 1.5, 1.75, or 2 inches; or from about 0.5 inches to about 
1.5 inches, for example, about 0.5, 0.75, 1, 1.25, or 1.5 
inches. In other aspects, tubes having diameters Smaller or 
larger than those recited herein can be used, depending upon 
the desired scale of production. In one aspect, one of skill in 
the art, in possession of this disclosure, could readily select 
an appropriate furnace or tube. 
The temperature of the heated reaction Zone can vary 

according to the specific aluminum precursor, flow rate, and 
desired particle size of the resulting product. In one aspect, 
the temperature of the heated reaction Zone can be from 
about 275° C. to about 600° C., for example, about 275,300, 
325, 350, 375, 400, 425, 450, 475, 500, 525, 550, 575, or 
600° C.; from about 300° C. to about 550° C., for example, 
about 300, 325, 350, 375, 400, 425, 450, 475, 500, 525, or 
550° C.; from about 300° C. to about 400° C., for example, 
about 300, 310,320, 330, 340, 350, 360, 370, 380,390, or 
400° C. In a specific aspect, the temperature of the heated 
reaction Zone can be about 350° C. It should be appreciated 
that the flow rate, residence time, and temperature of the 
aluminum precursor in the heated reaction Zone are related 
and that each can be adjusted so as to achieve desirable 
aluminum particles. In the heated reaction Zone, all or a 
portion of the vapor phase aluminum precursor is converted 
to nanosized aluminum particles. In various aspects, alumi 
num particles produced in the heated reaction Zone can 
comprise a polyhedral morphology, a spherical morphology, 
or a combination thereof. 

After passing through the heated reaction Zone, the alu 
minum precursor and/or converted aluminum particles can 
be passed through an optional second heated Zone. In one 
aspect, the optional second heated Zone can assist in con 
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8 
version of at least a portion of spherical aluminum particles, 
if present, into polyhedral aluminum particles. 

In one aspect, the second heated Zone can comprise a 
furnace. Such as, for example, a tube furnace that is the same 
as or different from that used for the heated reaction Zone. 

In one aspect, the flow rate of aluminum precursor and/or 
converted aluminum particles into the optional second 
heated Zone can be the same as or different from that used 
in the heated reaction Zone. In another aspect, the flow rate 
of aluminum precursor and/or converted aluminum particles 
into the optional second heated Zone can be from about 0.5 
lpm to about 4 lpm, for example, about 0.5, 0.75, 1, 1.25, 
1.5, 1.75, 2, 2.25, 2.5, 2.75, 3, 3.25, 3.5, 3.75, or 4 pm; or 
from about 1 lpm to about 3 lpm, for example, about 1, 1.25, 
1.5, 1.75, 2, 2.25, 2.5, 2.75, or 3 lpm. In another aspect, the 
flow rate of aluminum precursor and/or converted aluminum 
particles into the second heated Zone can be about 1.5 lpm. 

In another aspect, the residence time of the aluminum 
precursor and/or converted aluminum particles in the second 
heated Zone can be from about 0.5 to about 10 seconds, for 
example, about 0.5, 0.75, 1, 2, 3, 4, 5, 6, 7, 8, 9, or 10 
seconds; or from about 1 to about 4 second, for example, 
about 1, 2, 3, or 4 seconds. In another aspect, the residence 
time of the aluminum precursor and/or converted aluminum 
particles in the second heated Zone can be about 2 seconds. 

In another aspect, the second heated Zone is closed so as 
to prevent the introduction of air and/or water into the 
system. In yet another aspect, a dump valve can be posi 
tioned between the heated reaction Zone and the optional 
second heated Zone. In various aspects, the dump valve can 
be utilized to adjust and/or maintain the flow rate and/or 
residence time in the second heated Zone. For example, a 
dump valve can be opened to allow a portion of the gas, 
aluminum precursor, aluminum particles, or a combination 
thereof to exit the system so as to have a lower flow rate in 
the second heated Zone (e.g., second tube furnace) as com 
pared to the heated reaction Zone (e.g., first tube furnace). In 
another aspect, a dump valve can be used for only a portion 
of an experiment, for example, at the beginning of an 
experiment so as to adjust flow rates. In other aspects, the 
dump valve can be periodically or continuously adjusted 
during the course of an experiment so as to achieve a desired 
flow rate and/or residence time. In another aspect, a dump 
valve is not needed of utilized. The length and diameter of 
Such a tube can be any dimensions Suitable for use in 
preparing a desired nanosized aluminum material. In various 
aspects, a tube furnace can be about 15.5 inches long and 
utilize a quartz tube having a diameter of from about 0.5 
inches to about 2 inches, for example, about 0.5, 0.75, 1. 
1.25, 1.5, 1.75, or 2 inches; or from about 0.5 inches to about 
1.5 inches, for example, about 0.5, 0.75, 1, 1.25, or 1.5 
inches. In other aspects, tubes having diameters Smaller or 
larger than those recited herein can be used, depending upon 
the desired scale of production. In one aspect, one of skill in 
the art, in possession of this disclosure, could readily select 
an appropriate furnace or tube. 
The temperature of the optional second heated Zone can 

vary according to the specific aluminum precursor, flow rate, 
and desired particle size and morphology of the resulting 
product. In one aspect, the temperature of the optional 
second heated Zone can be from about 275° C. to about 600° 
C., for example, about 275, 300, 325, 350, 375, 400, 425, 
450, 475, 500, 525, 550, 575, or 600° C.; from about 300° 
C. to about 550° C., for example, about 300, 325, 350, 375, 
400, 425, 450, 475, 500, 525, or 550° C.; from about 400° 
C. to about 550° C., for example, about 400, 410, 420, 430, 
440, 450, 460, 470, 480, 490, 500, 510, 520, 530, 540, or 
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550°C. In a specific aspect, the temperature of the second 
heated Zone can be about 450° C. 

In one aspect, the temperatures of the heated reaction Zone 
and the optional second heated Zone can be adjusted so as to 
control the morphology of the resulting nanosized aluminum 
material. In one aspect, raising the temperature of a single 
heated reaction Zone to about 500° C. can result in a 
nanosized aluminum material comprising Substantially 
spherical particles. In a specific aspect, a heated reaction 
Zone having a temperature of about 350° C., followed by a 
second heated Zone of about 450° C. can produce a nano 
sized aluminum material having an increased percentage of 
desirable polyhedral particles. Thus, in one aspect, a two 
step process, wherein a heated reaction Zone at a first 
temperature is followed by a second heated Zone at a higher 
temperature, can result in a higher percentage of polyhedral 
aluminum particles. In one aspect, such a two step process 
can provide a nanosized aluminum material having at least 
about 85% polyhedral crystals, for example, at least about 
85, 87, 89,91, 93, 95, 97% or more polyhedral crystals; or 
at least about 92% polyhedral crystals, for example, at least 
about 92, 93, 94, 95, 96, 97, 98% or more polyhedral 
crystals. 

After passing through the heated reaction Zone and 
optionally the second heated Zone, the converted aluminum 
particles can be collected by any suitable means. In one 
aspect, the particles can be collected on, for example, a 
membrane filter. In one aspect, a polypropylene membrane 
filter having a pore size of about 200 nm can be used (e.g., 
available from Sterlitech Corporation, Kent, Wash., USA). 
In another aspect, a filter membrane can be positioned in a 
filter holder, such as, for example, a Millipore(R) stainless 
steel filter holder. 

It should be noted that particles prepared in accordance 
with the methods described herein, in the absence of oxygen, 
can be highly reactive. Prior to or during collection of the 
resulting aluminum particles, a small amount of air can, in 
various aspects, be bled into the system so as to form a thin 
oxide passivation shell on the particles. In one aspect, air can 
be introduced into the system so as to create a 1 nm to 3 mm 
oxide passivation shell on at least a portion of the particles. 

In yet other aspects, other species can be introduced into 
the system after formation of the nanosized aluminum 
particles, in lieu of or in addition to air, so as to modify the 
surface of the produced particles and control the reactivity 
thereof. 

If desired, a portion of the aerosol containing aluminum 
particles can be analyzed via transmission electron micros 
copy, a scanning mobility particle sizer (SMPS), or a com 
bination thereof. 

In one aspect, the nanosized polyhedral aluminum par 
ticles produced by the methods of the present disclosure can 
have average diagonal distances of from about 50 nm to 
about 100 nm, for example, about 50, 60, 70, 80, 90, or 100 
nm. In other aspects, spherical particles produced by the 
methods of the present disclosure can have average diam 
eters of from about 25 nm to about 50 nm, for example, 
about 25, 30, 35, 40, 45, or 50 nm. In another aspect, the 
methods described herein can provide at least about 90% 
nanosized polyhedral aluminum crystals having an average 
diagonal size of from about 50 to about 100 nm, and less 
than about 10% nanosized spherical aluminum particles 
having an average diameter of from about 25 nm to about 50 

. 

EXAMPLES 

The following examples are put forth so as to provide 
those of ordinary skill in the art with a complete disclosure 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

10 
and description of how the compounds, compositions, 
articles, devices and/or methods claimed herein are made 
and evaluated, and are intended to be purely exemplary of 
the invention and are not intended to limit the scope of what 
the inventors regard as their invention. Efforts have been 
made to ensure accuracy with respect to numbers (e.g., 
amounts, temperature, etc.), but some errors and deviations 
should be accounted for. Unless indicated otherwise, parts 
are parts by weight, temperature is in C. or is at ambient 
temperature, and pressure is at or near atmospheric. 

Example 1 

Typical Operating Conditions 

In a first example, typical operating conditions of flow 
rate and temperature (bubbler temperature for the aluminum 
precursor) are presented in Table I, below, together with the 
expected aluminum production rates (assuming complete 
vapor Saturation of the argon flow). 

TABLE I 

Theoretical production rates for TIBA decomposition. 

Flow T TIBA Al 
(pm) (° C.) Vp (Pa) (mg/hr) (mg/hr) 

1.5 50 122.6 815.1 110.9 
60 281.3 1813.5 246.6 
70 439.9 2753.4 3745 

While increasing the temperature of the aluminum pre 
cursor can significantly increase the theoretical aluminum 
production rate. Such increases can also result in increased 
loss and/or decomposition of the precursor. 

Example 2 

Reactor Design 

In a second example, an exemplary reactor system 100 for 
the preparation of nanosized aluminum particles is provided. 
With respect to FIG. 1, a 160 liter refrigerated argon cylinder 
110 is connected via polytetrafluoroethylene tubing and 
SWAGELOKR tube fitting connectors to a mass flow con 
troller (e.g., MKS Instruments) 115 and digital controller 
system. A flow of argon gas, controlled by the mass flow 
controller and valve 120, is then directed through additional 
tubing to a bubbler system 125 containing triisobutylalumi 
num. The bubbler system, available from MDC Vacuum 
Products Co., comprises a capped-off half nipple with a built 
in side port connected to a vacuum flange so as to allow 
thermocouple temperature measurements inside the bubbler. 
The inlet of the bubbler comprises a tube extending into the 
bubbler below the liquid level. Both the inlet and outlet ports 
of the bubbler are connected to one-way valves to allow for 
sealing and refilling of the bubbler with additional triisobu 
tylaluminum when required. Heating tape and variable 
transformers are used to control the temperature of the 
bubbler and associated Stainless steel piping leading to the 
first tube furnace (i.e., heated reaction Zone). Additional 
valves 130 and 135 can control the flow of argon 122 
through the bubbler system and to the first tube furnace 140. 
The outlet of the bubbler 125 is connected via SWA 

GELOKR tube fittings to 0.5 inch stainless steel piping and 
then to a 1 inch diameter quartz tube positioned in a 15.5 
inch long tube furnace 140 set at 350° C. A dump valve 145 
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is disposed between the first tube furnace (e.g., heated 
reaction Zone) and a second tube furnace 150 (e.g., second 
heated Zone). 

The resulting nanosized aluminum particles can be col 
lected on a membrane filter 160, or sampled for analysis via 
an aerosol sampler 170 or SMPS 180, with the remaining 
argon gas containing any reaction byproducts or unreacted 
aluminum precursor vented as exhaust 190. 

Example 3 

Nanosized Aluminum Particles 

In a third example, a gray powder was produced using one 
tube furnace at 350° C., an argon flowrate of 3 lpm, and a 
bubbler temperature of 60° C. Inspection of these particles 
via transmission electron microscopy with a JEOL, JEM 
2100F TEM/STEM showed both spherical and polyhedral 
particle morphologies. Increasing the temperature of the first 
tube furnace (e.g., heated reaction Zone) to 500° C. yielded 
primarily spherical particles, whereas an experimental setup 
comprising a first tube furnace (e.g., heated reaction Zone) at 
350° C. with a flowrate of 3 lpm, and a second tube furnace 
(e.g., second heated Zone) for annealing at 500° C. with a 
flowrate of 1.5 lpm produced primarily polyhedral particles, 
as illustrated in in FIG. 2. FIG. 2A illustrates the mixture of 
spherical and polyhedral particles produced in a single tube 
furnace at 350° C. (Ar flow 3 lpm; approximately 46.6% 
polyhedral particles). FIG. 2B illustrates the primarily 
spherical particles produced in a single tube furnace at 500° 
C. (Ar flow 3 lpm). FIG. 2C illustrates the particles (approxi 
mately 92% polyhedral particles) produced using a first tube 
furnace at 350° C. (Ar flow 3 lpm), followed by a second 
tube furnace at 500° C. (Ar flow 1.5 lpm). 

To investigate the composition of the polyhedral particles, 
high resolution imagery and energy dispersive spectrometry 
(EDS) were employed, as illustrated in FIG. 3A. The high 
resolution image in FIG. 3A illustrates the crystalline phase 
in the middle of the particle. FIG. 3B illustrates the ~4 nm 
oxide shell formed on the surface of polyhedral aluminum 
crystals during an air bleed. Line spacing measurements of 
0.228 nm in the crystalline phase are consistent with the 
literature value of 0.233 nm for <111 > 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 experi 
mental 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. These match with 
crystalline aluminum lattice distances of 0.233, 0.203, and 
0.143 nm for the <111>, <200), and <220> planes, respec 
tively. This information combined with the measurements 
from the high resolution image lead to the conclusion that 
the polyhedral particles are crystalline aluminum with an 
amorphous aluminum oxide coating. 
The spherical particles seen in FIGS. 2A and 2B were 

originally hypothesized to be amorphous carbon contami 
nation particles that had formed during the cracking of 
TiBA1. 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 illustrates the sub 

stantial amorphous character. The line scan in FIG. 7 con 
firms that these are aluminum oxide with little carbon 
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12 
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 an oxygen bleed they have, in 
most cases, fully reacted with oxygen upon exposure. Por 
tions of the core of some of these particles remain as 
unreacted aluminum, causing the crystal lattice lines in the 
high resolution images. This could be an indication that 
these spherical particles were pure aluminum before expo 
Sure and reaction with oxygen. When process conditions 
were changed to yield mostly spherical particles, the result 
ing samples burned completely upon exposure, even after a 
slow air bleed. Samples produced with mostly polyhedral 
crystalline particles, however, did not burn upon exposure 
after the bleed, indicating that the polyhedral crystals have 
higher stability than the spherical particles. 

Example 4 

Stability and Reactivity 

In a fourth example, the reactivity of the polyhedral 
crystalline particles prepared in accordance with the meth 
ods described herein, was evaluated. Samples of polyhedral 
aluminum crystals were combined with Stoichiometric 
amounts of CuO and burned in a pressure cell, a closed 
stainless steel chamber with ports connected for measure 
ment of optical and pressure response during combustion. 
The resulting optical response is compared to the response 
from a commercially available aluminum/CuO material 
(~50 nm diameter, containing 70% unreacted aluminum as 
determined by TGA, obtained from Argonide Corporation) 
in FIG. 8. 
The broader peak for the inventive nanosized polyhedral 

aluminum crystals Suggests that either the polyhedral crys 
talline particles ignite at a higher temperature after the 
spherical particles in the sample have started burning, or that 
the polyhedral particles actually have longer burn times than 
standard nanoaluminum. While not wishing to be bound by 
theory, the enhanced stability of the inventive particles can 
be attributed to the higher surface binding energy for mol 
ecules on a flat surface compared to that of a curved surface 
due to the Kelvin effect. 

Pressure response from these experiments showed a maxi 
mum pressure rise of 166 psi for the inventive nanosized 
polyhedral aluminum crystals compared to a value of 116 psi 
for the commercially available aluminum product, both with 
similar rise times. The polyhedral particles yielded a sig 
nificant enhancement in reactivity, as compared to the com 
mercially available material. Thus, the inventive material 
exhibits both enhanced stability and increased energy 
release over conventional aluminum materials. 

Thermal gravimetric analysis (TGA) in air was employed 
to further scrutinize inventive polyhedral aluminum particle 
samples produced by the methods described herein to deter 
mine the remaining active aluminum content after formation 
of passivating oxide shells. The resulting mass measurement 
is illustrated in FIG. 9, as the temperature was raised to 
1200° C. at 10° C./min, and then held for 30 minutes. 
These results show an active Al content of 63.9%, a value 

slightly lower but comparable to the 70% content measured 
for commercial nano Al in TGA. Thus, the aluminum 
crystals produced from these experiments have a slightly 
lower active content but still give an enhanced energy 
release upon reaction with CuO. Thus, the inventive process 
can provide, in one aspect, a higher sample of nanosized 
aluminum crystals having a higher fraction of polyhedral 
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shaped particles than can be obtained using conventional 
processes. In various aspects, such a sample having a higher 
percentage, for example, a least about 75%, 80%, 85%, 
90%, 92%, 94%, 96%, or more, of polyhedral particles can 
exhibit a longer burn time than a sample comprising a higher 
fraction of spherical particles, a higher ignition temperature, 
or a combination thereof. Thus, such a sample of primarily 
polyhedral particles can be more stable than conventionally 
produced aluminum particles and can exhibit a larger energy 
release when desired. 

It will be apparent to those skilled in the art that various 
modifications and variations can be made in the present 
invention without departing from the scope or spirit of the 
invention. Other embodiments of the invention will be 
apparent to those skilled in the art from consideration of the 
specification and practice of the invention disclosed herein. 
It is intended that the specification and examples be con 
sidered as exemplary only, with a true scope and spirit of the 
invention being indicated by the following claims. 
What is claimed is: 
1. A method for preparing nanosized aluminum particles, 

the method comprising heating a vapor phase aluminum 
precursor at a temperature and for a period of time Sufficient 
to convert at least a portion of the vapor phase aluminum 
precursor to nanosized aluminum particles, wherein the 
vapor phase aluminum precursor comprises triisobutylalu 
minum. 

2. The method of claim 1, wherein heating comprises a 
temperature less than about 660° C. 

3. The method of claim 1, wherein heating comprises a 
temperature less than about 500° C. 

4. The method of claim 1, wherein the vapor phase 
aluminum precursor is prepared by contacting an inert gas 
with an aluminum precursor material or a solution compris 
ing the aluminum precursor material. 

5. The method of claim 4, wherein the vapor phase 
aluminum precursor comprises a triisobutylaluminum aero 
Sol in argon. 
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6. The method of claim 1, wherein the vapor phase 

aluminum precursor is heated at temperature of about 350° 
C. 

7. The method of claim 1, wherein heating comprises 
introducing the vapor phase aluminum precursor into a tube 
furnace. 

8. The method of claim 7, further comprising first heating 
the vapor phase aluminum precursor at a temperature 
wherein Substantially no decomposition occurs, and then 
heating the vapor phase aluminum precursor at a tempera 
ture Sufficient to at least partially decompose the vapor phase 
aluminum precursor. 

9. The method of claim 1, further comprising heating the 
nanosized aluminum particles to anneal at least a portion of 
the particles. 

10. The method of claim 9, wherein heating the nanosized 
aluminum particles comprises heating at a temperature 
greater than the temperature used to convert the vapor phase 
aluminum precursor and less than about 660° C. 

11. The method of claim 9, wherein heating the nanosized 
aluminum particles comprises heating at a temperature of 
from about 350° C. to about 500° C. 

12. The method of claim 1, wherein the vapor phase 
aluminum precursor is heated at about 350° C. to form 
nanosized aluminum particles, which are Subsequently 
heated at an elevated temperature relative to the temperature 
prior to the Subsequent heating. 

13. The method of claim 1, further comprising contacting 
the nanosized aluminum particles with a quantity of oxygen 
Sufficient to form a passivating oxide layer on a surface 
thereof. 

14. A method for preparing nanosized aluminum particles, 
the method comprising heating a vapor phase aluminum 
precursor at a temperature of about 350° C. to about 660° C. 
and for a period of time sufficient to convert at least a portion 
of the vapor phase aluminum precursor to faceted nanosized 
aluminum particles. 


