
INTRODUCTION

Nanotechnology plays an increasingly
crucial role in many key technologies of the new
millennium. The application of nanoscale materials
and structures, usually ranging from 1 to 100 nm, is
an emerging area of nanoscience and
nanotechnology1. Nanoparticles show unique
properties compared to the bulk metals therefore a
lot of research work has been reported for the
synthesis and applications of metal nanoparticles2.

Some of these metals (particularly
aluminum) are previously widely used in energetic
material formulations. Aluminium nanoparticles are
of interest to a variety of fields including pyrotechnic,

ORIENTAL JOURNAL OF CHEMISTRY

www.orientjchem.org

An International Open Free Access, Peer Reviewed Research Journal

ISSN: 0970-020 X
CODEN: OJCHEG

2014, Vol. 30, No. (4):
Pg. 1941-1949

A Review of Methods for Synthesis of Al Nanoparticles

HAMID REZA GHORBANI*

Department of Chemical Engineering, Qaemshahr Branch,
Islamic Azad University, Qaemshahr, Iran.

*Corresponding author E-mail: hamidghorbani6@gmail.com

http://dx.doi.org/10.13005/ojc/300456

(Received: October 01, 2014; Accepted: November 20, 2014)

ABSTRACT

The synthesis of metallic nanoparticles is an active area of academic and, more significantly,
applied research in nanotechnology. Several methods have been introduced for the synthesis of
these materials. The techniques for synthesizing aluminum nanoparticles can be divided into solid-
phase, liquid-phase and gas-phase processes. The solid-phase techniques include mechanical
ball milling and mechanochemical, the liquid-phase techniques include laser ablation, exploding
wire, solution reduction, and decomposition process, whereas the gas-phase processes include
gas evaporation, exploding wire, and laser ablation process. This study is an attempt to present an
overview of Al nanoparticles preparation by various methods.
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propellant, and explosive industries. Aluminium
powder has been added to a range of these
compositions to increase their performance through
raising reaction energies, flame temperatures, and
increasing blast rates. Nanoparticles of aluminium
are more favourable because of their high enthalpy
of combustion and rapid kinetics which increase
these reaction properties even further3. It is known
that nano-sized aluminum particles is a new
energetic material with very high reactivity because
of large specific surface area, and is expected to
be applied to a next generation propellant in the
field of aerospace applications. The reactivity of
aluminum nanoparticle depends on the particle
diameter. It is reported that 30-50 nm aluminum
nanoparticles are most sensitive4.
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Physical and chemical properties of aluminum (Al)
and especially its nanoparticles, are favorable
enough to make them applicable in a variety of
applications such as alloy powder metallurgy parts
for automobiles and aircrafts, heat shielding
coatings of aircrafts, corrosion, resistant, conductive
and heat reflecting paints, conductive and
decorative plastics, soldering and termite welding,
pyrotechnics and military applications (rocket fuel,
igniter, smokes, and tracers)5. Nanoscale Al
particles are also studied as high-capacity
hydrogen storage materials6.

There has been an extraordinary growth
in nanoscience and technology in recent years,
mainly due to both the development of new
techniques to synthesize nanomaterials and the
accessibility of tools for the classification and
manipulation of nanoparticles7. Production of
nanoparticles requires understanding of the
fundamentals of nanoscale chemistry and physics,
and know-how to commercialize them. Broadly
speaking, there are two approaches to nanoparticle
production: top-down and bottom-up. The former
makes a material decrease its size from large to
nanoscale, whereas the latter produces
nanomaterials by starting from the atomic level8.

Generally, metal nanoparticles can be
prepared and stabilized by chemical, physical and
biological methods; the chemical approach, such
as chemical reduction, electrochemical techniques,
photochemical reduction  and pyrolysis and physical
methods, such as Arc-discharge and physical vapor
condensation (pvc) is used9, 10. Living organisms
have huge potential for the production of
nanoparticles/nanodevices of wide applications11.

Nevertheless high purity powders and
nanopowders of active metals such as Al are not
easily synthesized in as much as their rapid
oxidation occurs easily5. The small sizes of
aluminum nanoparticles make them particularly
susceptible to excessive oxidation while being
stored prior to use. Typically, the thickness of an
oxide coating on an aluminum particle ranges from
1.7 to 6.0 nm, irrespective of the size of the particle.
If the passivating coatings also have an affinity for
the binder material, then mixing problems can be
resolved as well.

Studies have shown that the size,
morphology, stability and properties (chemical and
physical) of the metal nanoparticles are strongly
influenced by the experimental conditions, the
kinetics of interaction of metal ions with reducing
agents, and adsorption processes of stabilizing
agent with metal nanoparticles. Hence, the design
of a synthesis method in which the size, morphology,
stability and properties are controlled has become
a major field of interest9. This paper is an attempt to
present an overview of Al nanoparticles preparation
by various methods.

Al nanoparticles Synthesis
Synthesis of nanomaterials by a simple,

low cost and in high yield has been a great
challenge since the very early development of
nanoscience12.The techniques for synthesizing
aluminum nanoparticles can be divided into solid-
phase, liquid-phase and gas-phase processes. The
solid-phase techniques include mechanical ball
milling and mechanochemical, the liquid-phase
techniques include laser ablation, exploding wire,
solution reduction, and decomposition process,
whereas the gas-phase processes include gas
evaporation, exploding wire, and laser ablation
process.

Solid-phase synthesis
Mechanical ball milling

Mechanical milling as a solid state
synthesis usually performed using ball milling
equipments that generally divided to “low energy”
and “high energy” category based on the value of
induced the mechanical energy to the powder
mixture13. The objective of milling is to reduce the
particle size and blending of particles in new phases.
The different type of ball milling can be used for
synthesis of nanomaterials in which balls impact
upon the powder charge12.

High-energy ball milling is a convenient
way to produce nanosized powders. It is the most
common method reported in the literature for the
synthesis of intermetallic nanoparticles. Before a
mechanical milling is started, powder(s) is loaded
together with several heavy balls (steel or tungsten
carbide) in a container. By vigorously shaking or
high-speed rotation, a high mechanical energy is
applied on the powders because of collision with
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heavy balls10. A type of ball mill is shown in Figure
112. Mechanical ball milling has been used to blend
aluminum with magnesium and carbon in order to
alter its chemical properties and combustion
behavior14-16. The studies to make blends with
magnesium used particles tens of micrometers in
size17.

Interestingly, aluminum nanoparticles ball
milled with carbon were much more reactive than
standard aluminum nanoparticles, and had to be
handled under hexane to keep them from
spontaneously combusting in air18.

Mechanochemical synthesis
Mechanochemistry is the coupling of

mechanical and chemical phenomena on a
molecular scale and includes mechanical
breakage and chemical behavior of mechanically-
stressed solids. Mechanochemical synthesis differs
from standard ball milling. A standard ball milling
process under inert atmosphere results in a
moderate reduction of powder particle size and
eventually the formation of nanosized grains within
micron-sized particles. The mechanochemical
method involves the initiation of a solid-state
displacement reaction during the ball milling
process which can result in nanosized particles
(down to ~5 nm in size) embedded within larger
by-product phase particles3.

In mechanochemical processes that utilize
to change the chemical composition of precursors,
the high energy ball milling equipments is generally
used13. The mechanochemical synthesis process
has been used in the past to synthesize a broad

Fig. 1: A rock tumbler Ball mills
(reprinted from Ref. 12)

range of metal nanoparticles (e.g. Ag, Co, Cr, Cu...)
as well as other compounds such as oxides and
sulphides. Particle size control can be gained by
adjusting factors such as: the volume fraction of the
by-product phase formed during milling, milling
time, milling collision energy (ball-to-powder mass
ratio and ball size), milling temperature, and the
use of process control agents.

In 2009, a mechanochemical synthesis
process has been used to synthesise aluminium
nanoparticles. The aluminium is synthesised via a
solid state chemical reaction which is initiated
inside a ball mill at room temperature between
either lithium (Li) or sodium (Na) metal which act
as reducing agents with unreduced aluminium
chloride (AlCl3). The Al nanoparticles were ~25–
100 nm in dimensions as measured by TEM3.

Liquid-phase synthesis
Laser ablation

Pulsed laser ablative deposition (PLD) is
an attractive synthetic method owing to its ability to
produce nanoparticles with a narrow size
distribution and a low level of impurities19, 20.
Aluminum nanoparticles with diameters of tens to
500 nm of various shapes can be prepared by
irradiating an aluminum foil with 50 fs pulses of a
0.8 ìm wavelength laser beam21.

Three main steps contribute in laser
ablation synthesis method and formation of
nanoparticles from a target immersed in liquid.
Laser pulse, first, heats up the target surface to the
boiling point, and thus, plasma plume containing
vapor atoms of target is generated. Then, plasma
expands adiabatically; and finally, nanoparticles will
be generated when condensation occurs. Synthesis
parameters such as laser wavelength, laser energy,
pulse width, liquid media type, and ablation time
can notably affect the product characteristics.

In 2010, Aluminum nanoparticles were
synthesized by pulsed laser ablation of Al targets
in ethanol, acetone, and ethylene glycol.
Comparison between ethanol and acetone clarified
that acetone medium leads to finer nanoparticles
(mean diameter of 30 nm) with narrower size
distribution (from 10 to 100 nm)5. Hur et al. report
the synthesis of Mg-Al and Zn-Al-layered double
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hydroxides using the laser ablation in the liquid
technique. Average diameters of these structures
were about 500 nm and the thickness of a single
layer was approximately about 6.0 nm22.

the synthesis of metal particles by laser ablation of
a metal target in liquid medium is presented in Figure
3. Particles size distributions peak were relatively
narrow, peaking at 50 - 70 nm25.

One problem with this method is that in
long ablation times, the ablation rate decreases. It
occurs when high concentrations of nanoparticles
in produced colloidal solution blocks the laser path,
and thus, a part of laser energy is absorbed by
formerly synthesized nanoparticles instead of the
target surface5.

Fig. 2: TEM view of nanoparticles generated by
ablation of bulk Al target in ethanol (Ref. 24)

In 2009, aluminium nanoparticles were
produced by pulsed laser ablation of a sample of
pure aluminium situated in distilled water. They
provides the possibility to generate a large variety
of nanoparticles that are free of both surfaceactive
substances and counter-ions The sample was
irradiated by the focused output of the third
harmonics of pulsed nanosecond Nd : YAG laser
operating at 10 Hz frequency. The typical thickness
of the liquid above the target was 10 mm23. Stratakis
et al. reported on Generation of Al nanoparticles via
ablation of bulk Al in liquids with short laser pulses.
The colloidal nanoparticles solutions obtained with
fs pulses exhibit a yellow coloration and show an
increased optical absorption between 300 and 400
nm, tentatively assigned to the plasmon resonance
of nanosized Al. Generated Al nanoparticles exhibit
minimal oxide cladding and were pretty stable as
they became slowly oxidized by air oxygen. The
average size of Al nanoparticles formed lies
between 10 and 60 nm, depending on the
experimental conditions. This is illustrated in Fig. 2
where the NPs generated using 150 ps pulses
have a core-shell structure with metallic core. On
the other hand presence of an oxide layer is well
seen on TEM images of NPs produced by ablation
with ps pulses without using anaerobic conditions
[24]. In 2012, it was investigated the viability of laser
ablation of W and Al metal targets immersed in
acetone and water, respectively, as a technique to
produce metal nanoparticles. The setup used for

Fig. 3: Schematic representation of the
experimental setup (laser ablation) (Ref. 25)

Exploding wire
Electro-explosion of metal wires has only

recently been seriously applied to make aluminum
nanoparticles. In electro-explosion, a brief but
powerful current pulse creates an electromagnetic
field around the wire that holds it together while it is
superheated to tens of thousands of degrees. When
the current ceases, the electromagnetic field
disappears and the wire fragments into nanosized
particles. The shapes and sizes of the resulting
particles depend on many factors, such as the shape
and size of the wire, the voltage, and the nature of
the electrical pulse.

Sen et al. described a process for the
production of nanoparticles of Cu, Ag, Fe and Al
which involves exploding their respective wires,
triggered by large current densities in the wires. The
explosion was carried out in a dense medium,
typically water or some heavy alcohol where the
particles remain suspended and is collected in the
following manner. An initial centrifuge of the
suspension at 5000 RPM separates the fluid from
the solid mass. While the former is rejected, the solid
mass is dispersed in electronic grade acetone26.
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Solution reduction
In this method, it is used from a reducing

agent for the reduction of Al+3 ions in solution. The
chemical reduction route is simple and not time
consuming. It has also an immense potential to scale
up when required to meet mass manufacturing
needs. Treatment of aluminum chloride with lithium
aluminum hydride in mesitylene at 164 °C affords
aluminum nanoparticles. The nanopar ticle
aggregates made by this method were 110 – 210
nm in diameter. This method proved to be
inconvenient for scale up and, even after being
washed, the nanoparticles still contained
measurable levels of carbon, oxygen, and
chlorine27.

In 2012, Al nanoparticles were
synthesized by solution reduction process
successfully. They used from
benzildiethylenetriamine as a reducing agent in
methanol, ethanol, water, acetonitrile, cyclohexane
and dimethylsulphoxide. The best results obtained
by the ethanol for the synthesis of Al nanoparticles
in the range of 4–13 nm. The influences of
parameters on the size of Al nanoparticles were
studied and the referential process parameters
were obtained2.Also Al nanoparticles (5–8 nm size)
have been synthesized by using NaBH4 or LiAlH445.
In another study, it reported the synthesis of Al/Au
bimetallic nanoparticles in water solution. They used
from Al+3 and Au+3 metal salts and reducing solution
contain sodium citrate, tannic acid, and sodium
carbonate28.

In 2012, the synthesis of aluminium
nanoparticles in a polypropylene (PP) matrix by a
sol–gel process in the melt was investigated. Their
work confirms that it is possible to produce inorganic
nanoparticles in a polymeric matrix by reaction in
the molten state without solvents29.

Generally in chemical reduction method, reducing
agent is a chemical solution such as
benzildiethylenetriamine, lithium aluminum hydride
and etc.

Decomposition process
The chemical route based on thermal and/

or catalytic decomposition of alane in the presence
of a surface passivation agent for particle protection

and stabilization has been identified as being
particularly promising. The passivation agent for Al
nanoparticles could be a metal coating or organic
molecules such as perfluorinated carboxylic acids,
which could also serve as an oxidant source under
energetic conditions. This method has generally
yielded Al particles of 50-200 nm in average sizes,
though smaller particles have been obtained
recently in sonochemical environment with oleic
acid as the surface passivation agent6. Li et al.
reported the use of nanoscale cavities in
perfluorinated ionomer membrane as templates for
the facile synthesis of small Al nanoparticles
(diameters on the order of 10 nm) via catalytic
decomposition of an alane precursor6. Aluminum
nanoparticles can be obtained on a larger scale by
decomposing isolated samples of the alane amine
adduct H3Al(NMe2Et) in mesitylene at 164 °C. The
aluminum nanoparticles aggregates synthesized
by this method were with diameters of 44-82 nm27.
In another study, pure Mg-Al alloys and Ni
nanoparticles prepared by thermal decomposition
on bipyridyl complex of metals30.

In 2009, the synthesis of aluminum
nanoparticles was investigated systematically using
dimethylethylamine alane and 1-methylpyrrolidine
alane as precursors and molecules with one or a
pair of carboxylic acid groups as surface passivation
agents. Meziani et al. found that the passivation
agent played dual roles of trapping aluminum
particles to remain them nanoscale during the alane
decomposition and protecting the aluminum
nanoparticles from surface oxidation31.

Gas-phase synthesis
Gas evaporation

The most common method to synthesize
aluminum nanoparticles is the evaporation of
aluminum from the molten state into a chamber filled
with an inert gas, where the gaseous metal
condenses. The purity of the aluminum starting
material, and the type and purity of the inert gas
atmosphere, strongly influence the properties of the
aluminum nanoparticles obtained32,33. A modified
inert gas evaporation method called cryomelting
can also be used to make aluminum
nanoparticles34. In the cryomelting process, the
evaporated metal is rapidly condensed in region
cooled to about 70 K. This method can produce 20
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– 500 nm aluminum nanoparticles in which 60% of
the particles are smaller 70 nm in size, as observed
by TEM34. In another research, the thermal behavior
of aluminum nanoparticles prepared by inert gas
condensation process was investigated35.Also Al
nanoparticles were prepared by the inert gas
condensation method by Fernández et al. It was
found the presence of an alumina overlayer of
approximately 4 nm covering the aluminium
nanoparticles (23 nm in diameter)36.

In 2010, a novel electromagnetic
levitational gas condensation (ELGC) system was
designed and manufactured for the synthesis of
aluminum nanoparticles. It was found that the best
argon flow rate for the synthesis of aluminum
nanoparticles was found about 10-15 lit/min37.

Exploding wire
Wire explosion is basically a top-down

approach to produce metallic nano-powders. A
pulsed discharge system is used to supply a high
power pulsed current to a thin metal wire and lead
to the wire explosion. Large amount of heat from
Joule heating will be dissipated in the wire to melt,
evaporate and subsequently ionize it. Plasma
formed during the process expands due to its high
temperature and high density. This plasma will be
rapidly cooled during expansion when it interacts
with the surrounding gas and nanoparticles will be

formed through nucleation process.Yap et al. (2008)
reported exploding wire discharge for synthesis of
Al nanoparticles. The Al nanoparticles were less
than 100 nm in dimensions as measured by SEM
images. The schematic of the wire explosion
chamber is shown in Fig.4 38. In another study, nano
aluminium particles were produced by wire
explosion process (WEP) in nitrogen, argon and
helium atmospheres. The relationship between size
of the particle generated in the explosion process
and the type of inert gas/pressure was analysed. It
is realized that energy deposited to the conductor
and duration of current flow have major impact on
particles produced by this process39. In 2012, an
experimental device based on the electrical
explosion of metallic wires for the nanopowders
production and collection was designed and built.
Also, aluminum nanopowders were produced by
electrical exploding aluminum wire and collected
by the microporous membrane filter successfully
under different experimental conditions40. Also
Sindhu et al. proposed a modelling of the
nanoparticles formation in the wire explosion
process. It was found that the plasma formed during
the explosion plays a major role in the particle
formation, and the modelling studies confirm that
particle formation is not an instantaneous process
but requires a certain time period to form stable
sizes and shapes41.

Fig. 4: Schematic of explosion chamber and the exploding wire (Ref. 38)
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Generally the wire explosion technique
has several advantages for the generation of
nanoparticles. First, the energy deposition can be
controlled precisely, and second, the discharge
energy is deposited into the wire with high efficiency
and the wire is exploded extremely quickly to form
a supersaturated vapor38.

Laser ablation
As mentioned above, pulsed laser

ablation (PLA) is an attractive synthetic method
owing to its ability to produce nanoparticles with a
narrow size distribution. In the view of gas dynamics,
the PLA process can be classified into (i)
evaporation of the target material and (ii)
hydrodynamic expansion of the ablated plume into
the ambient gas. In nanoparticle formation, the
following stages must be considered: (i)
homogeneous nucleation, where vapor atoms
produced by laser ablation have been
supersaturated, and (ii) particle growth, where the
critical nuclei are growing, capturing atoms on their
surfaces, and making the transition into large
particles42.

Aluminum nanoparticles were
synthesized using laser ablation method in argon
gas as ambient gas by Yamamoto et al. They found
that it is possible to control the particle size
synthesized by controlling the ambient gas
temperature4. In addition, Al nanoparticles
generated by laser ablation can be coated with
carbon by introducing ethylene to the argon quench
flow. The resulting nanoparticles have an average
mobility diameter of 80 nm43. In 2011, the process
of nanoparticle generation during nanosecond and
picosecond laser ablation of various metals (Ni, Al,
W and stainless steel) in ambient air and argon
gas was investigated. It was found that the size

distribution and number concentration of generated
metal particles during the laser ablation in ambient
air differed from those in argon gas medium. The
number concentrations of generated nanoparticles
during the laser ablation in argon gas, compared
to the produced nanoparticle concentrations in
ambient air, were up to 100 times higher44-46.

CONCLUSIONS

Al nanoparticles are one of the most
important nanoparticles because of their
applications. These nanoparticles have many
important applications that include: pyrotechnic,
propellant, explosive industries, rocket fuel, igniter,
smokes, tracers, alloy powder metallurgy parts for
automobiles and aircrafts, heat shielding coatings
of aircrafts, corrosion, resistant, conductive and heat
reflecting paints, conductive and decorative plastics,
soldering and termite welding. Application of Al
nanoparticles in these fields is dependent on the
ability to synthesize particles with different chemical
composition, shape, size, and monodispersity.
Generally, there are various methods to synthesize
Al nanoparticles. The techniques for synthesizing
aluminum nanoparticles can be divided into solid-
phase, liquid-phase and gas-phase processes.
Nevertheless high purity powders and
nanopowders of active metals such as Al are not
easily synthesized in as much as their rapid
oxidation occurs easily. The small sizes of aluminum
nanoparticles make them particularly susceptible
to excessive oxidation while being stored prior to
use. As a result, much attention has been devoted
to modifying the aluminum nanoparticles in order
passivate the surface against the formation of an
oxide overlayer, and thereby obtain longer shelf
lives and better burn properties.
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